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Abbreviations and symbols

DTS
EDF
FBG
LC
LED
LPG
OFT
OTDR
PCF
PLCF
RTD
SBS
SMF
TCR
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distributed temperature sensor
erbium-doped fibre

fibre Bragg grating

liquid crystal

light emitting diode

long period grating

optical fibre thermometer

optical time-domain refractometry
photonic crystal fibre

photonic liquid-crystal fibre
resistance temperature detector
stimulated Brillouin scattering
single mode fibre

temperature coefficient of resistance

—  temperature in degrees Celsius
—  absolute temperature in kelvins

—  temperature coefficient of resistance (TCR)

—  TCR of the thermistor

—  termistor coefficient (material constant)

- energy
—  dispersion

—  change of the charge carrier energy
— transfer coefficient of the former of supply voltage variable

component

—  chemical potential

—  reduced chemical potential

—  resistivity of the film material
conductivity

duration of the output pulse signal

time difference between the charging and discharging time
relaxation time of the charge carrier pulse

temperature in degrees Celsius
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interval of the temperature change

absolute equivalent error of the output voltage introduced
by the lead wire resistances (in degrees centigrade)

absolute equivalent error of nonlinearity (in degrees
Celsius)

amount of heat transferred to the system thin film-substrate
of mass m

the constant coefficients of Pt RTDs

antisymmetric kinetic tensors
width of the conducting film
induction of the magnetic field

capacitance

specific heat

thickness of the conducting film
charge of electron

electric field intensity

forbidden gap width

the Fermi-Dirac function

the density of the states

Planck’s constant

current

reference current

output current

vector of the electric current density through the crystal

Boltzmann constant

wave vector of the charge carriers

amplification coefficient of the voltage amplifier

transfer coefficient of the resistance bridge circuit

gain factor of the analogue-to-digital converter

coefficient of efficiency

transformation coefficient of the microprocessor

guotient of the nominal value of the resistance of the
resistor with positive TCR

coefficient of the supply voltage change of the resistance
bridge circuit vs. the temperature

length of the conducting film

resistor’s length

mass

effective charge carrier mass

charge carrier concentration



Ual
Up
Ujim
UmaX

UOUI

UOUI max

Us
US nom

Ustp
AUL

Aun

the intrinsic charge carrier concentration

the number of squares in the conducting film

pulse vector module

scattering factor

resistance of the resistance temperature sensor at the
temperature 9

RTD resistance at the maximum measured temperature
maximum value of the resistance change of RTD
resistance at T—o0

resistance of the resistance temperature sensor at 9=0°C
resistances of the standard resistors

input resistance of the bridge circuit

forward resistance of the diode

lead wire resistance

relative error of the resistance R

load resistance

ON resistance of the discharging transistor

resistance of square in the conducting film

symmetric Kinetic tensors

cross-section area
period of the pulses of the triangle wave generator
temperature gradient

variable component of the supply voltage (dependent on the
output voltage of the supply unit and the temperature)
allowed voltage on spark-sensitive objects

voltage across the diode

voltage limited by the spark protection circuit

maximum value of the voltage across the terminals of the
RTD

output voltage

output voltage of the bridge circuit at the maximum
temperature Gpax

supply voltage

nominal supply voltage of the resistance bridge circuit at
9=0°C

stabilisation voltage of the Zener diode D1

absolute error of the output voltage due to the influence of
the lead wire resistances

absolute error of nonlinearity of the resistance bridge output
voltage
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relative error of nonlinearity of the resistance bridge circuit
output voltage

sign of the charge carriers

large statistical sum for large non-equilibrium quantum
ensemble with variable number of the particles

cold-junction temperature

hot junction temperature

the initial and final values of the temperatures, respectively.
true values of the temperature of the thermocouple
absolute error of the compensation of the influence of the
cold-junction temperature (in degrees centigrade)

additive coefficient of linearisation

thermo-emf between the positive and negative legs of
a thermocouple

thermocouple emf at the hot-junction temperature 9,
thermocouple emf at the cold-junction temperature 9.

the initial and final values of the thermo-emfs, respectively
true values of the emf of the thermocouple

amplification coefficient of the amplifier

coefficient of conversion of the bridge circuit dependent on
the cold-junction temperature 9.

conversion coefficient of the ADC

divider’s voltage ratio of the voltage divider

multiplicative coefficient of linearisation

number of thermocouples

number of the measured channels

output average code of the microprocessor
equivalent temperature code

current

reference current

stabilised current of the stabiliser
equivalent resistance

input resistance of the bridge circuit
resistance of the calibration resistor

output resistance of the bridge circuit
output voltage of the amplifier

base-emitter voltage of the transistor at 0°C,
averaged value of the base-emitter voltage change of the
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transistor due to the temperature change of one degree
Celsius

voltage drop across the diode at 0°C

change in the voltage across the diode due to the change in
temperature of one degree Celsius,

compensating voltage

nominal value of the output voltage of the temperature-
dependent voltage source (constant voltage component)
supply voltage

output voltage of the temperature-dependent voltage source
current stabiliser output voltage

nominal output voltage of the stabiliser

absolute value of the voltage change due to the change in
the cold-junction temperature of one degree Celsius
absolute error of the compensation of the influence of the
cold-junction temperature

variable voltage component of the output voltage of the
temperature-dependent voltage source

shift the absorption spectrum

thermal expansion coefficient of the core material

constant that represents optical losses on the path between
the sensing and reference interferometers

Rayleigh scattering coefficient

the fibre attenuation coefficient for the anti-Stokes
wavelength

the fibre attenuation coefficient for the Stokes wavelength
differential attenuation of the Stokes and anti-Stokes
backscattering along the cable

isothermal compressibility

calibration factor of the blackbody optical fibre
thermometer for a wavelength 4

strain

constant for a given DTS system

the fraction of the integrated fundamental mode density
contained in the core

power splitting ratio of the input fibre coupler

wavelength of light

measured anti-Stokes wavelength
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Bragg wavelength

pump wavelength

measured Stokes wavelength

frequency

frequency shift

Brillouin frequency shift

input pulse width pulse of duration

lifetime of fluorescence decay at a given wavelength
lifetime of faster fluorescence decay component

unchanged complex variable

changed complex variable

thermooptical coefficient

grating pitch of the index modulation

phase difference between two successive beams transmitted
from the Fabry-Perot interferometer

phase shift induced by the temperature change

total phase shift

scanning a frequency range

fibre attenuation

constant

speed of light in vacuum

temperature coefficient of the Brillouin frequency shift
fibre core diameter

length of the optical pulse in the fibre

Planck’s constant

fluorescent radiation intensity at time t

fluorescent radiation intensity at time t=0

Boltzmann’s constant

temperature sensitivity coefficient of a fibre Bragg grating
sensor

absorption coefficient of the sapphire fibre at wavelength A,
absorption coefficient of the sapphire fibre at wavelength A,
length of the grating

length of the PLCF segment

the order of Bragg diffraction

output from the detector of the blackbody optical fibre
thermometer

unperturbated value for the effective refractive index of
fibre mode

effective index of refraction in the core

group refractive index of the fibre core

refractive index change
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difference between the effective refractive indices of the
fundamental mode and the second order mode

average photoelastic coefficient of the glass

peak power

Pockel’s (photoelasticity) coefficients

photoelastic constant of the optical fibre

the power of the anti-Stokes backscatter

Brillouin power

power incident on the sensing interferometer

power reflected from the reference interferometer

the power of the Stokes backscatter

effective backscatter reflection coefficient per unit length
reflectance

reflectivity Rg of the “Bragg signal”

ratio of the intensities

temperature sensitivity

time

optical depth of the fibre for absorption coefficient K,;;
optical depth of the fibre for absorption coefficient K,;»
actual temperature of the blackbody optical fibre
thermometer

estimated temperature of the blackbody optical fibre
thermometer

temperature at which the density fluctuations are “frozen”
in the material

reference temperature

threshold optical power

the normalized frequency of the fibre

visibility of the interference pattern

the coordinate of the forward-propagating pulse during
generation of the detected backscatter signal P,(t)

spatial resolution of OTDR meter

concentration

wavelength of light

Bragg wavelength

inversion wavelength

width of the selective reflection band
response time for the decay process
response time for the rise process
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angle between the long axis L of individual molecule and
the director’s direction

incident angle of light

dielectric permittivity in the direction parallel with respect
to the director direction

dielectric permittivity in the direction perpendicular with
respect to the director direction

dielectric anisotropy

magnetic permeability in the direction parallel with respect
to director

magnetic permeability in the direction perpendicular with
respect to director

magnetic anisotropy

intensity of the reflected beam

constant dependent on the attenuations
temperature-dependent total rotation

cell thickness

electric field strength

threshold of the cholesteric-nematic transition

threshold of the focal-conic (texture) deformation

threshold of the nematic-cholesteric transition
intensity of light (optical transmission)
photodiode current

sensor sensitivity

splay elastic constant

twist elastic constant

bend elastic constant

length of the LC capsule

diffraction order

director, unit vector

average refractive index

index of the extraordinary refraction

index of the ordinary refraction

optical anisotropy

pitch

critical value of the pitch

chirality

order parameter

clearing point temperature

liquid crystal-isotropic phase transition temperature
temperature of melting point of the crystalline solid
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U
Haj
MHmax

actual division ratio of the code-controlled voltage divider
division ratio of the auxiliary voltage divider

the maximum code-controlled divider’s voltage ratio (for
the maximum code value)

width of the output pulse of the code-pulse width converter
angular frequency of the noise voltage

coefficient equal 0 or 1 depending on the connection of the

appropriate resistors either to the common ground bus or to
the output of the current-to-voltage converter, respectively
capacitance

noise voltages in the i-th wire

current

compensating current

input current

the maximum value of the input current

value of the auxiliary divider’s division ratio

noise reduction coefficient

lead wire error reduction ratio

numerical code

binary place of the bit in the binary output code

switch S; on-state resistance

resistance of standard resistor

imitation resistance

the maximum imitation resistance

lead wire resistance

absolute error of the resistance imitator caused by noise
absolute error of the resistance imitator due to the resistance
of connecting wire

output resistance of the resistive ladder of the code-

controlled voltage divider

pulse repetition period

output voltage of the auxiliary voltage divider
maximum output voltage of the differential amplifier
reference voltage
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Introduction

Thermal sensors can be divided into heat flow sensors and temperature
sensors (Fig. 1.1).

thermal
Sensors
temperature heat flow
sensors sensors
contacting non-contacting
sensors sensors

electrical non-electrical

Figure 1.1. Classification diagram of thermal sensors

The heat flow sensors are beyond the scope of this book although these
sensors also were the object of author’s investigation. The elaborated designs of
the heat flow sensors are characterised by advanced technology, relatively high
sensitivity, high reproducibility of characteristics, and ease of operation and
maintenance [110, 111, 247]. These sensors were employed for the
measurements of heat fluxes of 10...10* W/m®,

This book is focused on temperature sensors. Accordingly, the starting point
should be a short introduction including the definition of temperature and the
definition of sensor, as well as the classification of temperature sensors. The
introduction also contains the rationale of the selection of the temperature
sensors described in this book.

Temperature is one of the most frequently measured physical quantities. One
can define temperature as the measure of internal energy (average kinetic
energy of an atom or a molecule in a macroscopic amount of a substance) which
characterises the amount of heat energy passed by an object. The temperature
defines some properties of a substance. Depending on the temperature, there are
such aggregate states of substance as gas, liquid, liquid crystal, and solid.
A special state of matter is plasma.
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During the XVIII and XIX centuries, three main temperature scales have
been developed [220].

The Celsius temperature scale is based on 0 and 100°C for the freezing and
the boiling points of water, respectively.

The Kelvin thermodynamic (absolute) temperature scale is based on the
temperature of 273.16 K assigned to the triple point of water. The kelvin is the
unit of temperature defined as 1/273.16 of the water triple point temperature.
One kelvin is equal to one degree Celsius, so that the measured temperature
intervals are the same on both the Kelvin and Celsius scales. The freezing point
of water on the Kelvin scale is 273.15 K; thus, the conversion from degree
Celsius to kelvin becomes T=9+273.15; T denotes the absolute temperature in
kelvins, and & denotes the temperature in degrees Celsius.

The Fahrenheit temperature scale is based on 32 and 212°F for the freezing
and the boiling points of water, respectively; 9-=1.89+32.

The International Temperature Scale of 1990 (ITS-90) is an internationally
recognized temperature standard. Between 0.65 and 5 K, temperatures on the
ITS-90 are defined in terms of the vapour pressure vs. temperature relationship
for helium-3 and helium-4. Above 5 K, the ITS-90 assigns temperature values to
sixteen fixed points.

Between the fixed points, the temperatures on the 1TS-90 are obtained by
interpolation using a helium gas thermometer in the range 3 K to 24.5561 K,
a platinum resistance thermometer (PRT) in the range 13.8033 K to 1234.93 K,
and an optical thermometer above 1234.93 K.

Some systems have suitable thermometric properties (i.e. which change with
temperature), for example: electrical resistance, colour, transparency (opacity),
etc. These thermometric properties are applied in different types of temperature
Sensors.

Let us define some terms that are used throughout this book.

Measured quantity is the physical quantity x; that characterises the measured
object (for example, the temperature of the object). In order to estimate the value
of the quantity to be measured, the measuring process has to be performed.

Sensor (as a broader concept) is a device or an element that converts the
input signal, quantity, property, or condition into the signal convenient for
further conversion. The sensor can be a component of a measuring, regulating,
or controlling device which converts some input quantity (for example,
temperature) into a signal convenient for further measuring, transferring, storing,
processing, or registration - usually into an electrical signal representing voltage,
current, or charge (and as narrower concept some authors require sensor to
output electrical signal). The advantages of the use of electrical quantities are the
following: they are versatile (other quantities can be easily converted into
electrical ones and vice versa), they can be transferred over long distances with
high speed, converted into digital code, and allow high accuracy, sensitivity and
fast performance. The output signal X, is a function of the measured quantity x;.
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The transfer function x,=f(x;) can be found experimentally using calibration, that
is, for a given set of values x; the respective values x, are measured, and then the
calibration equation is obtained. There are two kinds of sensors: direct and
complex sensors (Fig. 1.2). A sensor is classified as a direct sensor if a direct
energy conversion resulting in the output signal’s generation or modification
takes place (Fig 1.2a). However, in the case when it is impossible to convert the
input quantity directly into electric one, the double conversion of the input
quantity is performed (at first, the input quantity is converted into an
intermediate nonelectrical quantity, and then the latter is converted into the
electrical output quantity). A sensor that consists of one or more energy
transducers and a direct sensor, is a complex sensor (Fig 1.2b).

A sensor is a component of a measuring system. The simplest measuring
system consists of one sensor and one signal-processing device. The
measurement system can include various devices for linearizating sensor’s
conversion characteristics, programmable amplifiers, A/D converters, etc.

a)

Direct sensor

Input signal Direct | Output signal
(e.g. temperature) sensor
b)

Complex sensor

.................................................................

Input signal Direct Output signal
——P(Transducer 1—{Transducer 2— ;
(e.g. temperature); sensor

Figure 1.2. Schematic of (a) direct, and (b) complex sensor

Sensors can be classified into the following two types: active (self-
generating) and passive (modulating). An active sensor converts the input
energy into the output signal (without any supply from an additional energy
source); most of the active sensors are direct sensors (for example,
a thermocouple). A passive (parametric) sensor requires additional energy
source (an excitation signal) to convert the input energy into the output signal
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(for example, a thermistor). Some authors, esp. in USA, call the self-generating
sensors “passive” and modulating — ‘“active” [186]; but the terms “self-
generating” and “modulating” always mean the same.

Sensors can also be classified into absolute and relative. The sensor may
produce a signal that relates to the absolute physical scale (an absolute sensor),
or to some special case (a relative sensor). Relative temperature sensors measure
the temperature difference between two objects one of which is a standard.
A thermistor is an absolute sensor because its electrical resistance directly relates
to the absolute temperature scale of Kelvin. A thermocouple is a relative sensor
because its output signal should be referenced to a known baseline in order to
relate to any particular temperature.

Depending on the structure design, asensor can be external (when it is
placed at the input of a device to give the information to the system about the
outside quantities), or internal (built-in), inside the device (it can be the internal
part of the device that produces a signal related to the state of the device).

As shown in Fig. 1.1, temperature sensors can be either contacting or non-
contacting. Contacting sensors contain asensing element (e.g. apiece of
material which responds to its temperature change, and is characterised by low
specific heat capacity, small mass, high and predicted sensitivity), the leads
(which are characterised by minimal heat conductance and resistance), and the
housing which is characterised by high heat conductance, and is inert to
humidity. The contacting sensors differ from non-contacting in the way of heat
transfer from the object to the sensing element; the heat is transferred through
physical contact, on contrary to non-contacting sensors for which the heat is
transferred through thermal or optical radiation. The classification diagram of
the contacting temperature sensors is given in Fig. 1.3; the sensors discussed in
this book are within hatched areas. Other classes of the temperature sensors are
not considered in this book, although the author would like to mention the
thermosensitive integrated circuits (ICs); the principles of their design and
results of their investigation are given in [73, 75]. These ICs provide relative
temperature reading, and can be employed for temperature measurements over
the narrow temperature range beginning from +1°C, within the temperature
range —50...+120°C.

There are different classifications of the sensors depending on: sensor’s
material, sensor’s conversion phenomena (for example: thermoelectric,
thermooptic), operating principle (for example: thermoresistors, thermocouples,
pyrometers), and the field of application.

Temperature sensors are widely used in different areas, e.g. industry,
scientific investigations, space applications, medicine, etc. As reported in [293],
slightly over 2 billion temperature sensors were fabricated in the year 2010, and
the number is expected to reach three and a half billion by 2016, at an estimated
CAGR (Compound Annual Growth Rate) of 10% from 2011 to 2016. Hence, the
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design of methods for improving accuracy of actual temperature measurement,
and the design of the new temperature sensors is an up-to-date problem.

Electrical
contacting
temperature
sensors
modulating self-generating
IIIIIIIIIIIIS.
conductor-based semiconductor-based 7] thermocouples noise
T T 77 { | thermometers
I/SIINIIYY. / /7 /7
RTDs -4 thermistors [/
7, IIIIILLAIIIIITY,
Z / i
% wirewound —  selistors
/ RTDs
% Z 7 7 diodes
thin-film
/ RTDs :
— transistors
77 77,
| ICs

Figure 1.3. Classification diagram for contacting temperature sensors

Until now, there are no universal temperature sensors, which would meet all
up-to-date requirements. Therefore, both traditional and new temperature
measurement methods and temperature sensors are employed.

In industrial applications, such types of temperature sensors as
thermocouples, resistance temperature detectors (RTDs) and thermistors are
most frequently used. Thermocouples are still the most frequently employed
type of temperature sensors. The use of each type of the aforementioned
temperature sensors is related to the measurement task. The end-user chooses the
temperature sensors considering the optimal parameters in given operating
conditions. The selection of the best temperature sensor among the alternative
sensors for agiven application may be based on analytic hierarchy process
method, considering appropriate criteria and subcriteria [6]. For temperature
sensors, the criteria used as basis for comparison can be as follows: static criteria
(maximum operating temperature, minimum operating temperature, temperature
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curve, maximum sensitivity region, self-heating issues, long term stability and
accuracy, typical temperature coefficient, extension wires, long wire runs from
sensor, measurement parameter, temperature measurement), dynamic
characteristics (stimulation electronics required, typical output levels per degree
Celsius, typical fast thermal time constant), environmental parameters (typical
small size, noise immunity, fragility-durability characteristics, high thermal
gradient environment, corrosion resistance), and other criteria (point or area
measurement, manufacturing variances, standards, cost).

When comparing thermocouples, RTDs and thermistors, the wider operating
temperature is exhibited by thermocouples, and the highest accuracy is offered
by thermistors. High linearities are common for thermocouples and thermistors,
the highest ruggedness is typical for thermocouples, and the response of the
thermocouple is faster. The cost is lower for thermocouples (except for noble
metal thermocouples) and thermistors. However, thermocouples require to
compensate for the cold-junctions. Among different types of thermocouples, the
K-type and J-type thermocouples are most commonly used; this may be related
to their linearity and ability to provide ahigh output voltage over agiven
temperature range.

It should be noted that for a number of years there has been a trend towards
a shift from thermocouples to RTDs. This can be explained by such advantages
of RTDs over thermocouples as accuracy and stability. However, the main
limitation of RTDs’ use is that they cannot be employed in extremely high
temperatures, as well as the high cost and time-consuming sensor maintenance
and calibration. Also, the shift from the wirewound to the thin-film RTDs is
observed.

The wide field of application of thermocouples, RTDs and thermistors results
in the search for new methods of the accuracy improvement of the temperature
measurement accomplished with them. The already well known, and the
proposed by the author, methods of improvement in accuracy of temperature
measurement with thermocouples and resistance temperature sensors, including
thin-film thermoresistors, are described in Chapters 2 and 3. In order to
understand the methods of improvement in temperature measurement accuracy,
the basics on temperature sensors are given.

One of observed trends is the shift from contact temperature measurements to
non-contact measurements. In this case, the fibre optic-based and the liquid
crystal temperature sensors become an attractive choice because they can be
employed in temperature measurements when the use of other types of sensors,
such as thermocouples or RTDs, is not possible. Different types of fibre-optic
temperature sensors, including photonic crystal fibre sensors with emphasis on
their challenges and possibilities are described in Chapter 4. The known, and the
proposed by the author, possibilities of application of liquid crystals in
temperature sensors are presented in Chapter 5. The basics of liquid crystals are
described for better understanding of both the sensor’s operating and the

22



predetermination of the parameters of liquid crystal material in order to apply it
as the sensing element of the temperature sensor.

For temperature sensors, like for other types of sensors, a metrological
instrumentation is required. In Chapter 6 some original solutions of a multi-
range resistance standard and a multi-value resistance, voltage and current
calibrator are given.

The author has narrowed the scope of the book to thermocouples and
resistance temperature sensors, as the most widely used types of contact
temperature sensors. Liquid crystal-based temperature sensors are also presented
as attractive non-contact alternative sensors; other types of temperature sensors
are omitted. The aforementioned types of temperature sensors are within the
author’s field of interest, and new conceptions concerning these sensors are
considered in this book.

The author hopes that this book will be useful for all who are in touch with
the area of temperature measurements, including engineers, and the graduate and
post-graduate students who are interested in the methods and devices for
temperature measurement.
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2. Resistance Temperature Sensors

2.1. Features of Resistance Temperature Detectors and
thermistors as temperature sensors

Resistance temperature detectors (RTDs) and thermistors are the temperature
sensors which change their electrical resistance with temperature.

The RTDs are made of the materials which are characterised by high values
of electrical resistivity and temperature coefficient of resistance (TCR), as well
by their high stability, high reproducibility of the electric resistance at certain
temperatures, good stability of chemical and physical properties during heating,
and insensitivity to operating conditions. Among the materials possessing the
abovementioned properties and parameters, the following can be mentioned:
platinum, copper, nickel, tungsten, and pure metals with small amount of
alloying elements (e.g. rhodium-iron or platinum-cobalt). The platinum and
copper RTDs are most commonly used [128, 235, 281]. In general, RTDs are
employed over the wide temperature range from —260°C up to 850°C, and some
of these RTDs are applied up to 1200 °C [13, 143, 220, 285].

In the range from 13.8033 K to 1234.94 K, the International Practical
Temperature Scale is defined by means of a Standard Platinum RTD. This
application is preferred because of platinum’s features such as very high
coefficient of resistivity, and very stable operation over along period of
time [235]. The TCR of Platinum RTD is high enough to result in sufficient
measurable resistance changes with temperature.

Industrial Platinum RTDs do not correspond to Standard Platinum RTD
qualities, but they meet the laboratory standard requirements and can be
reproducible to a few tens of millikelvin over the range from —200 °C to about
600 °C. Industrial Platinum RTDs are applied not only in industrial processes,
but also for testing and calibration purposes [63].

There are four tolerance classes of Industrial Pt100 RTDs (defined in IEC
60751:2008): AA, A, B and C (Fig. 2.1) [291].

The interpolation scheme for Industrial Platinum RTD, recognized in several
international standards and corresponding national standards, is based on the
Callendar—Van Dusen equation [63, 285].

The platinum RTD’s transfer function, based on the Callendar-Van Dusen
approximation over the temperature range from —200°C to 0°C, can be written
as follows:

Ry =Rofl+ Ag+B& +C(9-100)9° . 2.1)
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Figure 2.1. Tolerances A, for assembled Pt100 sensors (in compliance with IEC 60751:2008) for
different classes: 1 - AA,2-A,3-B,4-C

Over the temperature range 0... 650 °C, the transfer function can be expressed
by the following formula:

R, =R,(1+ A9 +B&), (2.2)

where Ry is the resistance of the RTD at the temperature 9, R, is the base
resistance at 0°C, and 4, B and C are the constant coefficients. For a standard
Pt RTDs, the coefficients A, B, and C are given in Table 2.1. In some particular
cases these coefficients can be obtained for each individual RTD; for example,
by measuring the resistance at different temperatures the coefficients A, B, and
C can be determined using the regression analysis [171, 176, 292].

Different constructions of RTDs are applied; all these designs provide
a strain-free sensing element by eliminating the constraints of a normalised
winding mandrel and its overcoating. For example, one of the common RTD
designs is the wirewound element made by winding platinum wire around
a mandrel (Fig. 2.2). The mandrel is made of an electrically non-conductive
material. The sensing element is connected with lead wires. It is overcoated with
a nonconductive protective coating (e.g. ceramic cement, or glassy coating).
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Table 2.1. Callendar-Van Dusen coefficients corresponding to common Pt RTDs

Standard Temperature A B C
coefficient of
resistance,
a
[°C]* [°C]* [°C]? [°CT*
DIN 43760 0.003850 3.9080-10° | —5.8019-107 | —4.2735.10™
American 0.003911 3.9692 10° | —5.8495.107 | —4.325.10™
ITS-90 0.003926 3.9848-10° | -5.870-107 | —4.0000-10™2
IEC 0.003851 3.9083-10° | -5.775-107 | —4.183-10"%
60751:2008

Another design includes the coil of fine platinum wire assembled into small
holes in a cylindrical ceramic mandrel. The ceramic powders support the coils in
the mandrel bores and hold them firmly in place with minimum strain. These
constructions are characterised by the reduced influence of the strain on the
resistance, very high accuracy and stability, necessary for the use in secondary
temperature standards and docile industrial applications (with little or no
vibration or shock). The ceramic materials that allow for the achievement of
higher stability of the sensing coil, resulting in accuracies of 0.03°C after
thousands of hours at temperatures of 500°C are also reported [220].

Protective overcoat

Platinum
sensing wire

Figure 2.2. Wirewound RTD

The drawbacks of the platinum RTDs are: aconsiderably high level of
contamination in platinum from metal vapours (especially by iron) at high
temperatures, and a relatively low chemical stability of platinum in the reducing
atmosphere, resulting in its fragility, and instability of parameters.

27



Because of the low cost and fairly high stability against the corrosion, the
copper is widely used in RTDs over the temperature range —50...+180°C. The
TCR of copper is nearly 0.00427 1/°C. The relationship between the resistance
and the temperature for copper is fairly linear within 0.1°C at temperatures less
than 200°C [36]:

Ry = Ro(1+acU‘9)i (2.3)

where ag, is temperature coefficient of resistance (TCR) for copper.

The drawback of the copper RTDs is high oxidation during the heating; that
limits their application to the above-mentioned narrow temperature range in the
environments with low humidity and without aggressive gases.

Nickel is characterised by high resistivity and TCR value (near
0.00672 1/°C). Nickel is sensitive, quite repeatable, and less expensive than
platinum, but the resistance change with temperature is nonlinear and sensitive
to strain [36].

Tungsten RTDs are usually employed for temperatures over 600°C. The use
of the refractory metals such as tungsten, molybdenum, tantalum and niobium is
limited because under the temperature influence they become fragile, and
therefore very sensitive to mechanical vibrations.

Metallic alloys, which exhibit electrical resistivity higher than pure metals,
have not been applied as materials for sensing elements of RTDs because of
a relatively low TCR, the value of which considerably depends on the qualitative
and quantitative composition of alloy-forming elements.

Germanium RTDs have been recognized as secondary standard thermometers
and are applied for temperature measurement over the range from —272°C to
-173 °C.

For cryogenic applications, the germanium RTDs (=272 °C + —243 °C) and
the rhodium-iron RTDs (=272 °C + —190 °C) are employed. Rhodium-iron
RTDs are applied not only in low temperatures, but also up to temperatures as
high as 500 °C, and are characterised by high stability. In consequence, they are
used for high precision, accurate temperature measurements over awide
temperature range.

Platinum-cobalt RTDs (0.5 wt % Co) have similar low temperature behaviour
as the Rhodium-iron RTDs [272].

The parameters of the widely applicable RTD materials are given in
Table 2.2 [294].

The main causes of the errors of the RTDs are the following: inaccuracy of
the resistance adjustment R, at 0°C and deviation of the ratio of the resistance
Rigo (at 100°C) to the resistance R, from the nominal ratio value, time instability
of these parameters, additional heating caused by operating current flow, the
influence of the lead wire resistance between the measuring circuit
and RTD, etc.
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Table 2.2. Parameters of materials for RTD

Material | Temperature Law Resistivity | Temperature | Stability

coefficient range

of resistance

[°C] - [Q/cmf | [°C] -

Platinum | 0.00375 Quadratic 59 —260...1200 high
(Pt) 0.00385 or

0.003911 cubic

0.003926
Nickel | 0.00618 Quadratic 36 —-260...1200 | medium
(Ni) 0.00672 or

cubic

Copper | 0.00427 Linear 9.26 -200... 200 | medium
(Cu)
Balco | 0.0052 Quadratic 120 —200 ...204 | medium
iron- 0.00518 or
nickel 0.00527 cubic
alloy
Rhodium- | 0.004 Quadratic -272... 400 high
iron
Rh5%Fe

*

- cmf = “circular - mil - foot” is aunit of volume. Typically, it is used to compare
resistivities of wires in form of a conductor which is 1 foot in length and has a cross-sectional area
of 1 circular mil.

The response time of RTD, in general, is from 0.5 to 5 seconds or more, and
is related to thermal conductivity which is essential for bringing the device into
thermal equilibrium with its environment. The response time is longer for a "free
air' condition (or its equivalent) because of poor thermal conductivity. The
shorter response time is for an "oil bath" condition (or its equivalent) because of
better thermal contact. For various applications, different response times of
RTDs are required [46].

The application of the thin-film technology in the RTD manufacturing offers
new possibilities: it allows obtaining different film materials with certain
properties, and simplifies the manufacturing technology of the RTDs based on
these materials. The film metal-insulator-metal structures can be obtained
directly on the measuring surface by vacuum evaporation. This leads to the
minimization of the measurement error caused by the imperfections of the heat
contact between the sensing element and the surface. If athin film platinum
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RTD is bonded to a substrate material, then it can measure the temperature in
a very local area. Such benefits of the thin film RTD like the small overall size
and good thermal contact, result in the fast response of the RTD. The devices
created using the thin-film technology are smaller, less expensive, more rugged
mechanically, more reliable, less power consuming, and exhibit a faster response
time in comparison with the wirewound RTDs. Because of the abovementioned
advantages of the thin film RTDs, they are often employed for temperature
measurement and control [218, 220].

Thin film RTDs are usually made of platinum or its alloys (thickness from 1
to 2 um), and are deposited on a suitable substrate (such as a micromachined
silicon membrane). The trimming of the length of the film allows obtaining
precise resistance values. The use of the adjustment of the thickness and other
dimensions of the film enable the achievement of much higher resistances. The
film is protected from mechanical strains and environmental conditions by
a thick (10 um) protective coating. For example, for platinum film this coating
can be made of epoxy or glass. The coating acts as a strain relief for the external
lead wires which may be attached by soldering, crimping, brazing or welding. In
order to ensure a sufficiently large length-to-width ratio for the sensor, the RTDs
are often fabricated in a serpentine shape (Fig. 2.3) [220].

For a rectangular-shaped conductive film of the length I, width b and
thickness d, the resistance R is equal to:

I
R=p bd’ (2.4)
where p is the resistivity of the film material.

For I=b (a square shape), the resistance formula is the following:

Yo
qu = E . (2.9)

If I/b=nyq (N is the number of the squares), then
R= qu Ngg. (2.6)

The TCR values of the film RTDs are lower, and the temperature ranges are
narrower than for their wirewound counterparts. This can be explained by the
difference between the coefficients of linear expansion of the substrate and the
metal film that causes a plastic deformation of the film due to remarkable
increase (or decrease) in temperature. In order to eliminate this undesirable
phenomenon, the multilayer structures consisting of one thermosensitive layer,
and a number of intermediate layers which ensure strong mechanical contact, are
used. For ensuring a high level of stabilisation of the electro-physical properties
of the film RTDs, the thermal aging in vacuum under the conditions of cyclic
temperature changes is applied.
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film pattern Ceramic base

Figure 2.3. Exemplary thin-film RTD design

The manufacturing process involved with the thin-film RTDs consists of
developing the sensitive element configuration, mask making, deposition of the
active thin-film layer, and calibration.

In order to obtain higher nominal resistance values, it is necessary to
minimize both the resistor’s width (which is limited by technological
possibilities), and the resistor’s thickness (which should be no less than the
limits of its homogeneity, i.e. near 20 nm). Also, the upper limit of the thickness
is determined (dmax = 0.5 um) by the difficulties in the protection of the resistor’s
ends during the technological process of manufacturing the thin-film RTD. The
best method to ensure high nominal resistance of thin-film RTDs is the use of
resistive materials which exhibit high TCR values.

In [152] it was demonstrated that for thin film Pt RTDs, the TCR increased
with: a decrease in film thickness, a narrower pattern line width, and an increase
in annealing temperature. The highest obtained TCR value for thin film Pt RTDs
was 3.53x107 1/°C for RTD with 1 mm line width, and after thermal treatment
at 700°C. In [37] it was shown that for Pt RTDs fabricated on the MgO/SiO,/Si
substrates, the TCR increases to the value 3.927 x10° 1/°C. Such RTDs exhibit
a remarkable dispersion of resistance and linearity with temperature, similarly to
the inherent characteristics of Pt RTDs over a wide temperature range.

During the fabrication of the copper film RTDs on the glass ceramic
substrate, the intermediate adhesion of the TiW layer is used to increase the
stability of Ry, and to ensure the high adhesion of the thermosensitive copper
layer to the glass ceramics.

The thicknesses of the adhesive and protective layers are tailored to ensure
the required adhesion, as well as the lowest shunting of the thermoresistive
layer, and to prevent the oxidation. Such thin-film RTDs are characterised by
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high reproducibility of the temperature characteristics, and the TCR is equal to
3.22x10° 1/°C [26].

Making the choice of the material of the substrate for a thin-film RTD, the
heat exchange between the RTD and the surrounding environment, described by
the equation (2.7), should be considered:

AQ=CcmAg, (2.7)

where AQ is the amount of heat transferred to the system thin film-substrate of
mass m; c is the specific heat, and A& is the interval of the temperature change.
Knowing the heat transfer parameters is important for an assessment of the
thermal inertia of the film resistor.

Under operating conditions, the heat transfer between the RTD and its
ambient can be described by three processes: the heat losses due to the heat
conductance of the substrate material, the forced convection, and the radiation.

The Ni-Fe and Ni-Co alloys are used for the film RTD; e.g. the TCR of the
permalloy (Ni 80% - Fe 20%) is approximately the same as that of platinum, and
its maximum value is observed within the film thickness range from 60 nm to
80 nm (for platinum, the maximum TCR is reached at the thickness of 350 nm).
Hence, the use of permalloy allows considerable reducing of the RTD’s square.

The nominal resistance is the prespecified resistance value at agiven
temperature. Most standards, including IEC 60751, use the temperature 0°C as
the reference point. The recommended IEC standard is 100 Q at 0°C, but other
nominal resistances such as 50, 200, 400, 500, 1000 and 2000 Q, are also
allowed.

In order to register the resistance change, the RTDs require an external
current source. The current should be kept low (1-5 mA) in order to minimize
the self-heating effect. The minimization of the self-heating can be achieved
either by the pulse current supply of the bridge circuit to which the RTD is
connected, or by using a higher value of the RTD’s resistance [235].

The thermistors are semiconductor transducers that are manufactured mainly
by the methods of powder metallurgy; the fabricated shapes are rods, disks,
beads, wafer thin plates, etc.; the size varies from 1-10 um to 1-2 cm.

The sensitivity of thermistors is very high. The resistance of a thermistor may
change by five orders of magnitude in the sensor’s useful temperature range. The
TCRs of the thermistors are high (tens of times higher than for metal
transducers).

The thermistors with negative TCRs are made from the mixture of
polycrystalline oxides of transition metals (e.g.: MnO, CoO, NiO, CuO) doped
with Ge and Si, A"BY semiconductors, glass semiconductors and other
materials.
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Let us consider the thermistors with high negative temperature coefficient of
resistance. The relationship between temperature and thermistor’s resistance can

be described as follows:
R=R, exp(é), (2.8)

where R is the thermistor’s resistance, R., is the thermistor’s resistance at T—>o
(it can exhibit a weak temperature dependence), S is the thermistor coefficient
(material constant), and 7 is the temperature in kelvins. The £ and R, are the
main parameters of the thermistor.

The TCR of the thermistor is described as:

d(InR) yij
o T =g (2.9)

The efficiency of operating, and the sensitivity of thermistors depend on their
main parameters and the TCR. In order to achieve high sensitivity, high values
of the parameters #and « are required.

To understand the nature of the parameters g, and R., the elements of the
kinetic theory based on the large statistical sum Z, for large non-equilibrium
quantum ensemble with variable number of particles should be discussed. This
conception is an alternative to the classical kinetic theory based on the kinetic
Boltzmann equation [30].

Taking into account the spin degeneracy, the statistical sum of such
ensemble [28] is equal to:

2
Z,. =H[1+ exp(%ﬂ , (2.10)

k

where Kk is the wave vector of the charge carriers (it is a counterpart of the
quantum number), & is the dispersion, u is the chemical potential, k is

Boltzmann constant, and A¢, is the change of the charge carrier energy under

the disturbances which interfere with the state of the crystal’s thermodynamic
equilibrium. At the absence of such disturbances Ae, =0, and the charge carrier

gas transforms into the large quantum ensemble of particles.

For the charge carrier gas in the non-equilibrium state, the transfer of the
electricity and the heat transfer are described by the generalized equation of the
electric and heat conductivity.

Let us consider the generalized equation of the electric conductivity for the
isotropic conductive crystals. In such crystals, there are both the electric field
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intensity E and the temperature gradient V. T, and the crystals are immersed in

the magnetic field B . For crystals of large statistical sum, this equation can be
written as:

j =en[s©(B) + AL (B)E —en, (Z—"e>[si‘k1> B)+APF, T, (1))

where ] is the vector of the electric current density through the crystal, and

SO (B),AY(B) are the symmetric and antisymmetric kinetic tensors,
respectively [29].

The nature of these tensors depends on the charge carrier dispersion law and
the scattering mechanisms; z = =+ 1 is the sign of the charge carriers, and n. is the
charge carrier concentration.

n= IG(&‘)(— %)de, (2.12)

-1
where f, = {exp{g“’k;ﬂ +1ﬂ is the Fermi-Dirac function,

G(e) = _? g(g)de, (2.13)
0
where
2 dS
o(e)=5f— (214)
h if‘vpgp‘

is the density of the states.

In the formula (2.14) the surface integral is taken over the energy surface
defined by the dispersion law &5 = &(P), where p= Ak .

In the absence of the magnetic field and temperature gradient, for isotropic
crystals the equation (2.11) can be rewritten as:

j=en.S@(0)E =en,(U)E, (2.15)
where the average mobility <u> equals:
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Jo(uE) s
(uy=2

7, (2.16)
G(e)(-— )de
[e@E2)

The scattering function u(e) in (2.16) is expressed in the same unit as the
charge carrier mobility. For the crystals that obey the isotropic dispersion law
e, =¢(P))=(p), this function can be determined by the following
formula [31]:

u(e) = 2 [d—gJ , 2.17)
p \dp
where 7 is the relaxation time of the charge carrier pulse during their scattering

on the crystal lattice’s defects, and p is the pulse vector module.
The scattering function u(¢) is described by the following formula:

2
u(e) =u” (T)p(“)(j—‘;j : (2.18)

where the scattering factor r and the temperature function ué” (T) depend on the
nature of the crystal and on the scattering mechanisms.

2

For crystals which obey the parabolic dispersion law: gz% (m* is the
m

effective charge carrier mass) the scattering function (2.18) can be rewritten as:

e e r-1/2
u(e) =uy’(T) T : (2.19)

In the case of the scattering of charge carriers by acoustical phonons, the
scattering factor r equals to 0 and the temperature function is u{®(T) ~T %2, If
the charge carriers are scattered by the optical phonons above the Debye
temperature, r=1 and the temperature function is u$®(T)~T 2. For the
charge carriers scattered by the ionized dopants in the crystal, r =2 and the
temperature function is u$?(T) ~T¥2.

If acomplex scattering occurs, then the superposition of afew scattering

mechanisms is characterised by the factors ry, 5, ... i, and the generalized
scattering function is the following:
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U@t y@ et ym (2.20)
For the parabolic dispersion law:
G(e) = %(2”:—2”)3’253’2 . 2.21)
T
According to (2.12) and (2.16):
8 (2m'kT)" , 520
n:ﬁh—z Faa(u)s (2.22)
F *
wy=u® (ryFrale) (2.23)
Fap (1)

where 4 =L is the reduced chemical potential, and F (u*)=| x" _ o dx
B o= (1) ( a'x)
0

is the Fermi integral.

The formulae (2.15) and (2.16) describe the average value of the charge
carrier mobility (we will consider u, or u, for the n-type and p-type conductivity,
respectively). The generalized equation of the electric conductivity (2.15) can be
rewritten as follows:

j=enu,E=0,E, (2.24)

where o, is the conductivity of the crystal. In the case of the complex electric
conductivity, the equation (24) can be expressed as follows:

J =(enu, +epu,)E = (o, +0,)E=0cF . (2.25)
The resistance of the semiconductor resistor is equal to:
1 (Al
R= —(—j : (2.26)
o \AS

where Al is the resistor length, and AS is the cross-section area.

The intrinsic conductivity of semiconductor resistors is equal to:

u
o, =enu, +enu, = eniun[1+ —pj , (2.27)
u

n
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where ni:(Zﬂ)s(mr’jm’;)s’sz’zexp[—%j is the intrinsic charge carrier

concentration, AE is the forbidden gap width, and (uy/u,) is a constant.

Within the area of the intrinsic conductivity when u{®(T)~T ¥2 the most

probable is the scattering of the charge carriers by acoustical phonons of the
crystal lattice. Then the conductivity of the semiconductor crystals can be
described as follows:

u ] _2E
o, :{e(Zﬂ)s(m;m’;)S/ZTS/Zun(laL—pﬂe 4T =g, exp(—%). (2.28)

n

According to (2.26), the resistance of the semiconductor resistor is equal to:

AE AE
R= Ui(ﬁ—éjem =R, X, (2.29)
0

Comparing the formula given above with the formula describing the
temperature dependence of the thermistor’s resistance, one can obtain:

R, = i(A—'j (2.30)
o, \AS

where R, depends on the composition and the size of the thermistor.

B =AE/2k is proportional to the forbidden gap width. In order to

manufacture the high TCR thermistors, the semiconductor materials with
large forbidden gap width are the right choice.

Thermistors are not standardised. Therefore, the design, construction,
and characteristics of thermistors can vary for different manufacturers.

The benefits of thermistors are small sizes, small inertness, simplicity, and
possibility of operating in different climatic conditions at considerable
mechanical loads. In comparison with metallic resistors, their accuracy is lower,
and their temperature vs. resistance characteristics is typically nonlinear; the
stability of their parameters is not high because of aging effects.

The bulk sensing elements should be mounted strain-free because the
semiconductors exhibit piezoresistivity. This involves the reduction of the
thermal attachments to the measuring object. That, in turn, means that the self-
heating effect should be considered unless the power supplied to the sensor is
kept extremely low [272].

37



2.2. Circuit design methods for the accuracy improvement of the
temperature measurement with resistance temperature
Sensors

Since RTDs are widely used for temperature measurements, the development
of the methods for improving the accuracy of the temperature measurement with
an RTD is atopical issue. The improvement of the temperature measurement
accuracy can be achieved by the linearization of the transfer function of RTDs,
the compensation of the lead wire resistance, and the increase in linearity of the
thermoresistive measuring bridge circuits. In the following section, some
methods for the improvement of the temperature measurement accuracy are
considered.

2.2.1. Linearization of the transfer function of platinum thin film RTDs

As it was mentioned above, the platinum resistance thermometers (PRTS) are
widely used for accurate temperature measurements because of the lowest
achievable uncertainty over a wide temperature range. The PRTs are applied in
industrial process control, and in testing and calibration laboratories [63].

Platinum RTDs are more linear devices than thermocouples, but they exhibit
a non-linearity of the second order, approximately 0.38% per 100°C, which
cannot be neglected [251].

For linearization of the transfer function of the resistive transducers used as
primary temperature transducers, both analogue and digital methods are applied.
The analogue methods can be utilized for different types of the secondary
measuring devices. The digital methods of the linearization are employed only
for digital secondary measuring devices based on the elements of the
microprocessor technique [289].

The linearization circuit transforms the nonlinear resistor’s resistance vs.
temperature change relationship into a linear voltage vs. temperature one. To
evaluate the accuracy of such transformation, the following factors should be
considered: the circuit itself, the values of circuit elements, and the linearized
temperature range [243].

In the case of quadratic nonlinearity, the feedback techniques of linearization
can be utilized [249]. In this case, the high-ohmic RTDs are employed and the
error of nonlinearity within 0.1°C over the range —75..235°C is ensured.

There are analogue methods of the linearization that minimize the
nonlinearity up to 0.11% over the range 100..800°C for calibration at the
midpoint and at the endpoint of the range [251].

For converting the resistance of the RTDs into the voltage, the unbalanced
resistance bridge circuits are employed [236].
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If an RTD is described by anonlinear transfer function (2.2), the output
signal of the resistance bridge circuit can be expressed by the following
equation:

Ugea =U ko Ro(AG+B ), 2.31)

where Us is the supply voltage of the resistance bridge circuit, k, is the transfer
coefficient of the resistance bridge circuit, and Ry is the resistance of the RTD at
9= 0°C; A and B are the constant coefficients of Pt RTDs.

In this case, the absolute error of nonlinearity of the resistance bridge output
voltage expressed by the change in the output voltage is equal to:

Ay =Uk,R,BS. (2.32)

Unl

One of the methods for reducing the nonlinearity by the compensation of the
quadratic component of the resistance bridge output voltage involves the change
in the supply voltage of the resistance bridge circuit according to the change in
the measured temperature. Then, the supply voltage of the resistance bridge
circuit is determined by the following expression:

U, =Ugpond+k,9), (2.33)

where U, is the nominal supply voltage of the resistance bridge circuit at

9= 0°C, and k, is the coefficient of the supply voltage change vs. temperature.
Then, the output voltage of the resistance bridge circuit can be written as
follows:

Uouo =UsnonkoRo (A9 + B +k A +k BS). (2.34)

From the analysis of the expression (2.34) one can see that for the
compensation of the quadratic component of the resistance bridge output signal

(B.92 + kvA.92), the following equality must be met:
B =—k,AS. (2.35)

Then the coefficient of the supply voltage change of the resistance bridge
circuit should be equal to:

k,=——. 2.36
= (236)

The absolute error of nonlinearity of the resistance bridge output voltage at
partial compensation is determined by the following expression:
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BZ

Ay o =Y nonKoRok, BS* = U oKy ROTQ?’. (2.37)
The relative error of nonlinearity is equal to:
A 2

Sum =ﬂ=—8—292. (2.38)
UoutZ A

The relative error due to the nonlinearity of the resistance bridge output voltage
over the measured temperature range 0...800°C for a partially compensated bridge
circuit with a Pt RTD (curve 1) but without calibration at the endpoint of the range,
is shown in Fig. 2.4. For comparison, the corresponding dependence of the relative
error of nonlinearity without compensation (curve 2) is also presented in Fig. 2.4.

The efficiency of the method described above can be evaluated comparing the
absolute errors of the nonlinearity of the output voltage for the resistance bridge
circuit both with and without compensation. It is reasonable to introduce the
coefficient of compensation efficiency K (expressed in decibels, dB):

Ay | B.9? |
K. =20lg—2"L| =20 2.39
L P g|B,92+|< A9 +k,BF| (239
A
0k —_—
-2 7N
= 4 S
> ‘s
“w -~
-6 N
-8 sswz
-10 . >

0 200 400 600 800
3[°C]

Figure 2.4. Relative error due to the nonlinearity of the output voltage of the resistance bridge
circuit plotted against the temperature, for partial compensation (1) and without
compensation (2)

The coefficient of compensation efficiency vs. temperature relationship for
the case of the partial compensation is plotted in Fig. 2.5.
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Figure 2.5. The coefficient of compensation efficiency vs. temperature relationship for partial
compensation

From the graph of this relationship it is clear that the considered method
provides the drop in the value of the coefficient of compensation efficiency from
60 to 19dB for the temperature change from O up to 800°C. When the
temperature increases, the coefficient of the efficiency decreases.

The efficiency of determining certain values of the measured temperature 9
can be improved if the following condition is met:

B +k A¥ +k,BI =0. (2.40)

In order to meet this condition, the calibration in the points 9; should be
done.

The graph of the relative error of nonlinearity of the output voltage of the
resistance bridge circuit after calibration at the points 9 =200, 400, 600, and
800°C over the range 0..800°C is given in Fig. 2.6a, and after calibration at the
points % =300 and 400°C over the range 0..400°C is given in Fig. 2.6b.

The analysis of the plots depicted in Fig. 2.6 has shown that in the case of the
calibration performed at the endpoint of the range (800°C), the relative error of
nonlinearity of the bridge output voltage is less than 0.4%, and for the
calibration at the point 400°C it is less than 0.1% over the range 0..500°C. In the
case of the calibration at the point 300°C, the relative error of nonlinearity is less
than 0.05% over the range 0..350°C.

The temperature dependencies of the coefficient of compensation efficiency
K at different 9 are plotted in Fig. 2.7.

In order to form the temperature-dependent component of the supply voltage,
the additional film RTD placed together with the main RTD can be employed.
Alternatively, in order to form the variable component of the supply voltage, the
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output voltage of the resistance bridge circuit or the voltage across the RTD can
be used.

a)
A
0.4 RN
- S "\ 9,800°C
vy f - ~ \\\
= 0 S .
S 9.=200°C '\, \ s, $,=600°C
© 02 N
\ \\ S,
\ \
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Figure 2.6. The plot of the relationship of the temperature vs. the relative error of nonlinearity of
the bridge circuit output voltage after calibration at the points $: a) 200, 400, 600
and 800°C, b) 300 and 400°C
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Figure 2.7. Temperature dependencies of the coefficient of compensation efficiency after
calibration at the points 4

The schematic diagram of the temperature-to-voltage converter with the
linearization of the transfer function of the RTD is given in Fig. 2.8. It consists
of the unbalanced resistance bridge circuit constructed using film technology,
the supply unit, the former of supply voltage variable component, and the
voltage summator.

: Resistance bridge :
Voltage | circuit :
summator| : :
U, R, R,
U, Supply o
Supply unit voltage Uout
former °
¢

Figure 2.8. Schematic diagram of the temperature-to-voltage converter with the linearization of the
transfer function
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The resistance bridge circuit consists of the resistors Ry (hatched in Fig.2.8
and throughout the rest of this chapter), Ry and (two) R;. The output voltage of
resistance bridge circuit is described by the following expression:

Uout = (Us +U8)kb ' (241)

where U is the output voltage of the supply unit, and Uy is the variable
component of the supply voltage (dependent on the output voltage of the supply
unit and the temperature).

The transfer coefficient of the resistance bridge circuit is expressed as:

kbz( Ry - Ro J (2.42)
R,+R; R;+R,

The output voltage of the resistance bridge circuit Ug is put on the input of
the supply voltage former of the variable component Ug, which in turn is added
to the supply unit voltage Us. The formula for the output voltage of the
resistance bridge circuit can be written as:

U.-k
Uout=1 - )
—7 -k

(2.43)

where y is the transfer coefficient of the former of supply voltage variable
component.

The absolute error of nonlinearity of the resistance bridge output voltage is
determined by the formula:

— Us kb _Uoutmax

max

o 9. (2.44)

The absolute equivalent error of nonlinearity in degrees Celsius is expressed
by the following equation:

Us 'kb "9max
(:I'_7/'kb)'LJout,nax

The relationships between the error Ag, and the temperature for different
values of y at Us=6V, R;=10 kQ, and Ry=100 Q over the temperature ranges
0..800°C, 0..400°C and 0..200°C are graphed in Figs. 2.9, 2.10, and 2.11,
respectively.

In order to form the temperature-dependent component of the supply voltage,
the output voltage of the resistance bridge circuit, multiplied by the coefficient y
and summed with the output voltage of the supply unit was used. The
nonlinearity errors of the temperature-voltage conversion are less than 0.7°C

Ag = -39, (2.45)
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over the range 0..800°C at »=5.55, less than 0.07°C over the range 0..400°C at
7=5.14, and less than 0.01°C over the range 0..200°C at y=4.96.

A

[ — Lo g 4 Lo

Ay, [°C]

Figure 2.9. The absolute equivalent error of nonlinearity vs. temperature for different values of the
transfer coefficient y of the former of supply voltage variable component
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Figure 2.10. The absolute equivalent error of nonlinearity vs. temperature (cont.)
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Figure 2.11. The absolute equivalent error of nonlinearity vs. temperature (end)

2.2.2. Compensation of lead wire resistance

In temperature measurements with RTDs, the unbalanced resistance bridge
circuits are usually employed. However, such circuits have the following
drawbacks:

1. The output characteristic of the resistance bridge circuit is nonlinear,

2. The lead wire resistance adds to the RTD resistance and causes
considerable errors.

In the case of two-wire connection of the Pt100 RTD, the additional error
introduced by the influence of lead wire resistance of 1 Q results in the additive
error of 5°C. In practice, especially for remote measurements when the RTD and
the secondary measuring transducer are placed far from each other, the lead wire
resistance can be 5-10 Q [219]. Another factor that influences the error is the
change of the lead wire resistance due to the change in the ambient
temperature [234].

There are three methods of the RTD connection to the secondary measuring
transducer: two-wire, three-wire, and four-wire connection. The two-wire
connection is the most simple and economic method, but it is not adequate
because the resistances of the wires add to the RTD resistance. The three-wire
connection is the most frequently used one. For this method, the voltage source
is connected to one of the wires, and the other two wires are connected in series
in the opposite arms of the resistance bridge circuit, and compensate each other.
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The four-wire connection is the most accurate but not economic, and the
difficulties concerning the additional lead wire appear [219, 235].

In [234] it is proposed to use the additive resistor made of the same material,
and of the same resistance value as the lead wires Ry, R, for the compensation
of the lead wire influence on the two-wire RTD connection (Fig. 2.12).

" R, DA3 |,
out

Figure 2.12. Schematic diagram of the compensation circuit for two-wire RTDs [234]

If R*=R_ ;=R\, then the output voltage of the compensation circuit equals:
Uou = 1oRy, (2.46)

where |y is the reference current, and R4 is the RTD resistance.

In order to take into account the ambient temperature influence on the lead
wire resistance, an additive resistance should be placed in the same operating
conditions as the lead wires. In some cases it cannot be realised, and the stability
in the wide range of the operating temperature of the lead wires is not achieved.

The circuit topologies alternative to conventional bridge, aimed at
converting the sensing resistance deviation using a pulse width circuit
[151] or time interval [133, 213] have been reported. Such converters
easily provide digital equivalent output, and they can be applied for lead
wire compensation [139, 181]. The compensation method using the
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additional diodes, the conventional timer IC555 and the digital storage
oscilloscope (DSO) is rather simple (Fig. 2.13) [182].

In order to eliminate the effects of lead resistance and compensate the
effects of ambient temperature variation in the remote measurements, two
additional diodes (made from two identical n-p-n transistors on LM389
used as diodes), are placed at approximately the same ambient
temperature.

ol
R,
Ry 4 8
Lo 7
Digital
D1 D2 IC 555 1gita
. storage
timer 11
R, R, oscilloscope
.-.::::Tt 26

1 5
G
Figure 2.13. Lead wire resistance compensation circuit with digital storage oscilloscope [182]

The time difference 7y between the charging and discharging time can be
written as follows:

Ty = K(Rs +RA+Rp —Rp, — RONT)'C : (2.47)

where K =In U =My ~In : Rps and Rp, are the forward
cc_3UD1 Ucc_?’UDZ

resistances of the diodes D1 and D2; Up; and Up; are the voltages across the

diodes D1 and D2; Roynt is the ON resistance of the discharging transistor of the

timer, and C is the capacitance of the capacitor.

The differential resistance (Rp; - Rpz) tends to zero because the diodes are
adapted from an identical transistor pair from LM389. The resistance Ry was
adjusted so that the impact of the in-built transistor’s ON resistance (Ront) 0N
the measurements can be minimized. The time difference zy obtained from the
two measured pulse widths, changes linearly with the sensor resistance Ry and is
independent from the lead resistances R.; and Ry,. The digital storage

2Ucc _3UD2 .
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oscilloscope is applied both for the display of the output waveform and for the
measurement of the pulse widths.

The drawback of that circuit is the difficulty of placing the additional diodes
close to the RTD.

To eliminate the influence of the connection wire resistances on the transfer
accuracy, and to ensure the transfer function linearity, the measuring circuits and
the current stabiliser with four-wire connection of the primary RTD are employed
(Fig. 2.14) [235].

I, DA1 R, R,
11—
R, R,
: [ |
RLZ }

DAS

ERL4 R,

-

Figure 2.14. Lead wire resistance compensation circuit for four-wire RTD connection [235]

If R.1=Ry4, then the output voltage equals:
Uy =2-15-Ry. (2.48)

It can be seen that the output voltage is independent of the lead wire
resistances, and depends only on Ry if lg is constant. However, the circuit
presented above does not compensate for the initial resistance of
the RTD at 0°C.

For many objects where the connection wires are already installed, it is
difficult to replace the three-wire connection circuit of the RTDs with four-
wire connection. That is why compensation circuits for three-wire
connections should be applied. The compensation circuit for three-wire RTDs is
shown in Fig. 2.15 [219].
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Figure 2.15. Lead wire resistance compensation circuit for three-wire RTD connection [219]

The output voltage equals:
Ui =210(Rg+R)—1,(Ry + 2R, ) = IR, (2.49)

out

As it can be seen from the expression above, the output voltage depends only
on the resistance R4 of the RTD.

The more simple compensation circuit that additionally ensures the spark
protection, is presented in Fig. 2.16 [99].

The RTD resistance Ry is connected directly with the three lead wires R 1, R»
and Ry3, and indirectly to the standard resistor Ry, (through R|5), the inputs of the
resistance change transducer (through R.; and R;3), and the output of the current
stabiliser which forms the reference current lo; (through Ry3).

The spark protection circuit is applied for preventing the sparks at the
terminals of RTD in explosive environments. It limits the maximum allowed
voltage (or current) which can appear between the supply of the resistance
change transducer and the terminals of the RTD.

The maximum voltage across the terminals of the RTD should satisfy the
following condition:

|Umax|<|UIim|<|UaI|a (2.50)

where U is the maximum value of the voltage at the terminals:
U e = lo1(Rymax + Ro1)» Romax is the RTD resistance at the maximum measured
temperature, Ry, is the resistance of the standard resistor, U, is the voltage
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limited by the spark protection circuit, and U, is the allowed voltage on some
spark-sensitive objects.

DAI Resistance !

[\ change transducer

2
- R5 . T lj{)m

Figure 2.16. Schematic of the circuit for compensating the influence of lead wire resistances,
supplied with a spark protection circuit

The semiconductor diodes D1...D8 are used for voltage limitation in the
spark protection circuit. The positive voltage is limited by the diodes D1...D3
connected between the lead wires and the common bus grounded at the object.
The negative voltage is limited by the diodes D4...D6 connected to the lead
wires and the diodes D7...D8, which together with the resistor R, form the
negative bias voltage, able to satisfy the following condition:

Ujim > |01(R9max + R+ R+ RL3)' (2.51)

The current in the lead wires is limited by the resistors Ry, Rz and R,;. The
spark protection circuit should be made as a monolithic block. The standard
resistor Ry, is placed inside the monolithic block, made in hybrid film
technology, to exclude the possibility of supplying a high voltage on the RTD
resistance R4 through the lead wire R».

In order to reduce the influence of the reverse currents of the diodes on the
measurement accuracy, the diodes with minimum reverse currents should be
selected.

The resistance change transducer consists of the differential amplifiers DAL
and DA2, the resistors Rs and Rg of the negative feedback paths, and a standard
resistor Ry, inserted in the spark protection circuit to ensure the spark protection.
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The lead wire resistance R, in series with the resistor R; is connected with
the circuit of high-ohmic input of the amplifier DAL, and in consequence does
not influence the measurement result. The resistances of lead wires R, and R3
add to the resistances of the standard resistor Ry; and the RTD resistance Ry,
respectively.

The current lo; is fed into the input of the spark protection circuit and flows
through the resistor Ry, the lead wire R, 3, the primary transducer of the resistance
R, and the lead wire R, 5, into the standard resistor Ry;.

In this case, the signals put on the non-inverting inputs of the differential
amplifiers DAL and DA2 are as follows:

U, = _|01(Ro1 + RLZ) ’ (2.52)
U, =—lg;(Ryy + R, + Ry +R3)- (2.53)

Then the output voltage of the differential amplifier DAL can be expressed as
follows:

Uoue = |01(R9'R_5+RL3'R_5_R01_RL2J- (2.54)

It can be seen that full compensation of the influence of the lead wire
resistances on the measurement error occurs when the following equality is
satisfied:

RS

R, =Rig=* (2.55)
6

If Ri> = Rys, then for full compensation of the influence of the lead wires, the
resistances of the resistors Rs i Rs should be equal. In consequence, the output
voltage of the amplifier DAL can be expressed as:

Uoue = |01(R9 - Rm) (2.56)
Substituting R, =R, + Ry, one can obtain:
Uaut = los(Ro + Rocr = Rey), (2.57)

where « is the TCR, 4 is the measuring temperature, and R, is the resistance of
RTD at 9=0°C.

The resistance of the standard resistor Ry, is matched equal to the resistance
Ro. In this case, the output voltage equals:

Uy = loRo@d. (2.58)
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If the lead wires resistances are not equal (R, # R,3), the measurement error
appears. The relative error is expressed as follows:
Rz =Ry

O =——, 2.59
s (259)

9 max

where AR gmax is the maximum value of the resistance change of RTD.

2.2.3. Resistance temperature transducer with lead wire compensation

Let us consider the resistance temperature transducer based on the
abovementioned compensation circuit shown in Fig. 2.16; the schematic diagram
of the resistance temperature transducer is given in Fig. 2.17. The transducer
consists of the RTD (Rg), the compensation circuit, the current stabiliser, the
wide-band pulse transducer, the galvanic isolation device, the pulse width-to-
voltage converter, the voltage-to-current converter, and the supply unit [99].

pulse [ isolation > to-voltage » current >
transducer device converter converter

A A A y A

2 Compensation_’Wide'band Galvanic | |Pulse width-| |Voltage-to-| 7
’ circuit

Current |

Supply unit
stabiliser PPy

Figure 2.17. Schematic diagram of the resistance temperature transducer

The reference current Iy, is formed by the current stabiliser; the schematic of
the stabiliser is given in Fig. 2.18. The current stabiliser consists of the
parametric voltage stabiliser based on the Zener diode D1 and the resistor Ry, the
differential amplifier DAL, the standard resistor Rg,, and the output cascade
based on the MOS transistor Q1.

The output current of the current stabiliser can be expressed as:

Ugp

|\, =
01
Ry,

, (2.60)

where Ugp is the stabilisation voltage of the Zener diode D1, and Ry, is the
resistance of the standard resistor.

By choosing an operational amplifier with low input currents, and the use of
the MOS transistor in the output cascade, the equality of the currents lo = I is
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ensured. This improves the temperature and time stability of the output
current l;.

Us‘t DA 1 Q

IOT DROZ

Figure 2.18. Schematic of the current stabiliser [99]

D1

— 0O

The output signal of the resistance change transducer Uqy is set on the input
of the wide-band pulse transducer shown on the schematic diagram in Fig. 2.19.
The wide-band pulse transducer consists of the integrator comprising the
differential amplifier DAl with the RC-element, the comparing circuit, the
triangle wave generator, the switch and the current stabiliser.

Integrator G, :
: 11 : |—|
Upa  Ros DAl | ¢
o— - 1— : . .
; —Comparing circuit >

Triangle wave generator

Current
stabiliser

A

» Switch

Figure 2.19. Schematic diagram of the wide-band pulse transducer [99]

The input voltage of the wide-band pulse transducer is integrated by the
integrator and put to the input of the comparing circuit. The output voltage of the
triangle wave generator is set to another input of that circuit. In consequence, at
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the output of the comparing circuit the pulse signal of the duration 7 is formed,
which in turn is put on the input of the switch. The switch connects the output of
the current stabiliser to the input of the integrator for the time interval .

If the output voltage changes, then the output impulse duration 7 can be
determined if the following equality holds true:

Tp r
| Youa g 15,1, (2.61)
o 03 0

where T, is the period of the pulses of the triangle wave generator, and Iy, is the
output current of the current stabiliser.
The duration of the output pulse signal zcan be expressed as:

_ UoutlT
T

- P (2.62)
ROSIOZ

Substituting (2.58) into (2.62), the following expression can be obtained:
Ry,

(2.63)
RO3|02

In order to ensure the galvanic separation between the input and output of the
resistance temperature transducer, the impulse signal z is transferred through the
galvanic isolation device to the control input of the pulse width-to-voltage
converter.

The schematic diagram of the pulse width-to-voltage converter is given in
Fig. 2.20. The pulse width-to-voltage converter consists of the integrator based
on the differential amplifier DA1 with the parallel RC-circuit placed in the
feedback path, the switch, the current stabiliser and the output RC filter.

Integrator:
R 04 :

o— Switch

103

Current stabiliser I I

[j()ut2

A

Figure 2.20. Schematic diagram of the pulse width-to-voltage converter [99]
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The switch puts the reference current of the current stabiliser to the input of
the integrator during the time z. The integrator operates in the mode of the active
filter, and averages the input current signal. The integrator also converts the
current into the voltage. In order to reduce the integrator output voltage
pulsation, the additional output RC-filter is employed.

The output voltage of the pulse width-to-voltage converter equals:

T
Uosue = — losRos: (2.64)
TP

where lgs is the output current of the current stabiliser, and Rqq4 is the resistance of
the feedback path resistor of the integrator.
After substituting z from (2.63) into (2.64), the expression for the output
voltage of the pulse width-to-voltage converter can be obtained:
I01|03 R04
Uout2 =I—R— R00h9 (265)
02 03

The output voltage of the pulse width-to-voltage converter is applied to the
input of the voltage-to-current converter. The schematic diagram of the voltage-
to-current converter based on the differential amplifier DAL is show in Fig. 2.21.

The output current of the transducer is defined by the resistance of the
resistor Rys and flows to the output through the transistor Q1. The load resistance
R, is connected between the drain of the output transistor Q1 and the supply bus.

........................................

Uout2

Figure 2.21. Schematic diagram of the voltage-to-current converter

The generalized transfer function of the resistance temperature transducer can
be expressed as follows:
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_Uoue _ loalos . Roa . Rod
out — - '
Ros loo Ros Ros

It can be seen that the range of the output current signal depends on the
choice of the resistance values of the resistors Rys ... Ros and the range of the
measured temperature. The relationship between the output current |, and the
resistance change of RTD is linear.

The supply unit provides the temperature measuring device with the required
supply voltages, and ensures the galvanic separation of the input and the output
of the transducer.

The considered scheme with current stabiliser for the measurement of the
resistance of the RTD ensures the linearity of the transfer function. The
requirements for the lead wires are lesser because it is only required to provide
the equality of the resistances of two lead wires R, = Rys, but not to adjust the
resistances of the lead wires to a given value.

(2.66)

2.2.4. Improvement of the linearity of the measuring resistance bridge
circuits

One of the drawbacks of the resistance bridge circuits is the nonlinear
dependency of the output voltage on the resistance change of the resistor in the
measuring arm. In order to reduce the nonlinearity of the resistance bridge
circuits, the temperature dependent resistors with both positive and negative
values of TCRs can be applied [23, 103]. The schematic of the measuring bridge
and the arrangement details of the construction made with thin-film technology
are shown in Fig. 2.22. It can be seen that the resistors R, and R; are made of the
double layers Ry, Ry, and Rag, Rap, respectively. The TCR of the resistors Ry,
R21, and Ra; is positive; the TCR of the resistors Ry, Rsy, and R, is negative.

The resistances of the resistors R; and R, could be calculated as follows:

R =R,(l+a9), (2.67)
R, =R,(1-a9), (2.68)

where Ry is the nominal resistance of the resistors R;and R, at 0 °C.
The resistances of the resistors R, and Rz can be expressed as:
_ Ryl+a%)-Ry,(l-a9)
27 Ry+a9)+R,,(1-ad)’

(2.69)

and

_ Ry(l+a9)-Ry,(1-a9)
* " Ry(1+a9) + Ry,(1—-a9)

(2.70)
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where Ry;, Ry, are the resistances of the resistors Ry; and Ry, at 0°C, respectively;
Ra1, Ra, are the resistances of the resistors Rs; and Rg; at 0°C, respectively; $ is
the measured temperature in degrees Celsius.

a)

Lgoooaol-

Figure 2.22. Double-layer thin-film RTD: a) principal schematic, b) arrangement details [103]

Let us discuss the accuracy of the formation of the R, and Rs resistances
giving the resistor R; as the example.
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If the nominal resistances of the resistors R,1=R,,= 2R,, then R, is described
as:

R, = Ry (1—-a9) . (2.71)

The parallel connection of the resistors with different signs of TCRs does not
ensure a high temperature stability of the resistance R,, which sharply falls off
with the increase of either the temperature or the values of TCR of the resistors
(Fig. 2.23).

.50 0 50 100 150
9[°C]

Figure 2.23. The relationship between the temperature and the relative error of the resistance R,
for different values of TCR

In order to reduce the resistance error, different nominal values of the
resistance of the resistors at 0°C should be matched. In this case, the inequality
R,1 < Ry, should be satisfied. The nominal resistance values of the resistors R,;
and Ry, can be calculated as:

R,1 =k, Ry, (2.72)

Ky
" Rao, (2.73)

n

R22 =

where k, is the quotient of the nominal value of the resistance of the resistor with
positive TCR and the equivalent value of the resistance of the resistor R,; Ry is
the nominal equivalent resistance of the resistor R,.

59



The temperature dependence of the resistance of the resistor R, is described
by the following expression:

KyRopll—9°)
R, =nent %7 J (2.74)

k. +(k, —2)ar9
As it can be seen from the dependencies presented in Figs. 2.24 and 2.25, the
maximum value of the relative error O, OVver the temperature range

—50...150°C does not exceed 0.05 for k,=1.4 and «<0.002.
In the case when the equality Rs= Ry is true, the output voltage of the
resistance bridge circuit can be expressed as follows:

R R U.a9
Uout:Us' R S 4 = 2 . (2.75)
,+Ry R +R, 2
A
0.15
/ -
01 [ k=15
24
0.05 / o
X K _
“ / A /T/k,, 1.4
0 . K
7 e L =135
<~ ../
_005 ,,,S \‘,1 - } /// :13
=~ v /‘/i'
-0.1 ' >
-50 0 50 100 150
9[°C]

Figure 2.24. Temperature dependencies of the relative error of the resistance R, at a=0.004 for
different values of the coefficient k,

When analyzing the expression given above, it can be easily noticed that the
output voltage of the resistance bridge circuit is a linear function of temperature
measured.

The resistance bridge circuit based on the two-layer film structures can be
applied for: design of temperature sensors for non-aggressive environments,
compensation of the cold-junction temperature influence, and temperature
compensation of an e.m.f. change of a reference cell. The application of the
measuring bridge in the chemically active environments requires the protection
— of both the substrate and the resistors deposited on it — by chemically stable,
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electrically isolating and heat conducting covers, or by other construction
methods.

A
0.1 .
\ /
\ / _a=0.004
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Figure 2.25. Temperature dependencies of the relative error at k,=1.4 for different values of TCR

The temperature measuring device that consists of the resistance bridge
circuit and the secondary transducer is shown in Fig. 2.26. The resistance bridge
circuit is connected to the secondary transducer by two pairs of lead wires: R4,
Ri., and Ris, Ru4. The secondary transducer consists of a galvanically separated,
controlled voltage stabiliser, an amplifier of the resistance bridge circuit output
signal, a microprocessor, a control device, an indicator device, and a power
supply unit.

In order to reduce the influence of the measuring current of the primary
transducer on the accuracy of the measurement, the resistance bridge circuit is
supplied by the signal from the microprocessor only when measurements are
performed. If the resistance of the lead wires is taken into account, the output
voltage of the measuring bridge can be described by the following expression:

_ Ust .
ot Z(Ru +R,+ Rb)

u ad, (2.76)

(R, + R, (R, +Rs)

where R, =
R +R,+R, +R,

is the input resistance of the bridge circuit.
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Figure 2.26. Schematic diagram of the temperature measuring device

The lead wire resistances Ry s, R4 are connected to the high input resistances
of the operational amplifier, and in consequence do not influence the accuracy of
the output voltage formation. The absolute error of the output voltage due to the
influence of the lead wire resistances can be expressed as:

LY B | @1
2 {RL+R,L+R,

The absolute equivalent error of the output voltage Ag introduced by the lead
wire resistances, expressed in degrees Celsius, is equal to:
— AUL ) ‘9max

Ag RTE (2.78)

outmax

where U, IS the output voltage of the bridge circuit at the maximum

temperature Gpax.

The relationships between the absolute equivalent error of the output voltage
introduced by the lead wire resistance and the temperature for different nominal
resistances R, and lead wire resistances R, = R.;+R_,, are shown in Fig. 2.27.

From Fig. 2.27 it can be seen that the influence of the lead wire resistance on
the measurement accuracy decreases with the increase in the nominal resistance
Ro.

The output voltage of the resistance bridge circuit is applied to the input of
the amplifier of the resistance bridge circuit output signal. The output voltage of
the amplifier is passed to the input of the analogue-to-digital converter of the
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microprocessor. After processing the data, the microprocessor returns the
measurement result to the indicator device in the form of a numerical code N(9):
Ust

N(9) =
Z(RLl +R,+ Rb)

a8k, -k, -k, (2.79)

where k, is the amplification coefficient of the amplifier of the output signal of
the resistance bridge circuit, k. is the gain factor of the analogue-to-digital
converter, and ki, is the transformation coefficient of the microprocessor.

a) Ry =100 Q b) Ry =500 Q
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Figure 2.27. Graph dependencies of the absolute equivalent error of the output voltage introduced
by lead wire resistance on the temperature, for different nominal resistances Rg:
a) Ro =100 Q, b) Ry =500 Q, ¢) Ry = 1000 Q, and various lead wire resistances R

UR .
For s b ~a-K, -k, -k, =1, the output code is equal
2(RLl +R, +R,)

numerically to the measured temperature.
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The total error of the temperature measurement includes the errors of: the
measuring bridge, the amplifier of the resistance bridge circuit output signal, and
the analogue-to-digital converter. By choosing the coefficient k, one can
compensate for the multiplicative errors of some units and for the error
introduced by the lead wire resistance.

Summary

RTDs are among the most widely used temperature sensors. They are
characterised by high accuracy and stability, and exhibit the transfer function
closest to linear function.

The resistance temperature sensors based on thin films are smaller, less
expensive, more reliable, less power consuming, and have a faster response time
than the wirewound RTDs. The thin film RTDs can be employed for surface
temperature measurements, but they are less reliable than the wirewound RTDs.

In order to linearize the transfer function of the platinum RTD, both the
analogue and digital methods are applied; the analogue methods are more
common. In the case of analogue linearization, the bridge circuit should be
supplied by the voltage consisting of both the constant and the variable
component. The variable component is a function of the temperature to be
measured. In consequence, the quadratic component of the RTD transfer
function is fully compensated; however, the additive cubic component still
appears. In order to reduce this component, the calibration at certain points is
required. For example, for platinum RTD, after the calibration at the point
400°C, the error of nonlinearity does not exceed 0.1% over the temperature
measurement range 0..500°C.

In the case of the employment of the resistance bridge circuits for RTD
output signal measurement, the nonlinearity of the bridge circuit and the
resistances of lead wire connections can considerably influence the measurement
results. In order to decrease the influence of the resistances of the three-wire
connection of RTDs, the circuit of the thermoresistive transducer based on
a current stabiliser is proposed. The transfer function of the output voltage of the
proposed thermoresistive transducer is linear with respect to the change of the
RTD resistance. In order to compensate the influence of the connection wires,
the only condition to be fulfilled is that the resistances of the two wires should
be equal.

The improvement of the linearity of the bridge measuring circuits is possible
using the double-layer film structures based on the temperature dependent
resistors with opposite sign of TCR. For example, for thin film structures with
=0.002 and «,=-0.002 and nominal resistances 140 and 350 Q, respectively,
the maximum value of the relative error of nonlinearity of the bridge circuit over
the temperature range —50...150°C does not exceed 0.05.
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3. Thermocouples

3.1. Features of thermocouples as temperature sensors

Thermocouples are typical self-generating transducers. A thermocouple
consists of two dissimilar materials that are joined together at one end by
welding or soldering.

The operating principle of a themocouple is based on the Seebeck effect. The
essence of the Seebeck effect is the generating of the thermo-emf in the circuit
which consists of two dissimilar conductors or semiconductors, if a temperature
difference between the place of electrode connection (hot junction) and the place
of the cold junction is created.

A thermocouple can measure the temperature difference between two
junctions, but not the absolute temperature value. The cold junction (reference)
is maintained at a known (reference) temperature, while the other end remains
attached to an object to be measured. Thermocouple Reference Tables (e.g.
provided by National Institute of Standards and Technology) contain the data for
various types of thermocouples. In the appropriate table, one can find the
temperature of the hot (measuring) junction, corresponding to the measured
output voltage of the thermocouple when the temperature of the cold junction is
kept at zero degrees Celsius (melting ice-bath reference). Many years ago, the
ice-bath reference was established as the standard for thermocouple
applications [259]. In the case of any deviation of the cold-junction temperature
from zero degree Celsius, the measured thermo-emf value e($) should be
corrected for the value corresponding to this deviation.

The cold-junction temperature is measured with other types of temperature
sensors such as RTDs, integrated circuit (IC) sensors, or thermistors [57, 245].
The calibrated platinum RTDs are applied for high accuracy measurements over
the widest temperature range, but they are expensive. For less accurate
measurements, thermistors and silicon temperature-sensing 1Cs are employed,
because of lower prices compared to RTDs. The benefit of thermistors in
comparison with silicon ICs is that thermistors can be applied over a wider range
of operating temperature. The advantage of the temperature-sensing ICs is better
linearity with respect to thermistors.

The type of the temperature sensor for cold-junction temperature
measurement should be selected according to the requirements valid under given
conditions. One should choose the optimal combination of accuracy, temperature
range, linearity and cost [286].

The thermo-emf e(.9) that appears between the positive and negative legs of
a thermocouple, is a function of the temperature difference between the hot and
cold junctions:
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e(9)=f(%-%)= (%) - (%), (3.1)
where §, is the hot-junction temperature, and 9. is the cold-junction temperature.
Thermocouples have many benefits, and currently they are the most widely
employed sensors for temperature measurement both in industrial and scientific
applications. The measurement range of thermocouples covers the temperature
interval from —270°C to 3000°C. Thermocouples are the best choice for many kinds
of the measuring equipment because of their advantages: they exhibit long-term
stability, repeatability, high reliability, and long usability period. Simplicity, small
sizes, compactness, ruggedness and low cost are the additional merits of
thermocouples. Typical response time for thermocouples is of the order of tenths of
a second which in most applications is convenient. One can also note the following
drawbacks of thermocouples: the need of the reference temperature, limited
accuracy and sensitivity but for many applications, these thermocouple parameters
are suitable [49, 97, 160, 164, 185, 188, 220, 232].
There are many types of thermocouples [156]. The parameters of the
commonly used thermocouple types are tabulated in Table 3.1.

Table 3.1. Parameters of commonly used types of thermocouples

Type Composition | Composition | Temperature | Sensitivity
of positive of negative range within
leg A leg B a specified
range
[*C] [LV/°C]
B platinum-— platinum-— 0 to 1820 10-14
rhodium rhodium (1000-
Pt-30% Rh Pt-6% Rh 1800°C)
Constantan | —270 to 1000 59-81
chromel 1 cy-Ni alloy (0-600°C)
Ni-Cr alloy
E : (55% Cu +
(90.5% Ni + 45% Ni. Mn
9.5% Cr) 0 VI
Fe)
Constantan | —210to 1200 50-64
Iron Cu-Ni alloy (0-800°C)
J Fe (55% Cu +
45% Ni, Mn,
Fe)
Alumel —270 to 1372 35-42
Chromel | \i_ Al alloy (0-1300°C)
Ni-Cr alloy ;
K on N (94.5% Ni +
(0% NI 5 504 a, s,
+9.5% Cr) Mn, Co)
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Nicrosil Nisil —270 to 1300 26-39
Ni-Cr-Si Ni-Si- Mg (0-1300°C)
alloy alloy
(83.49% Ni | (94.98% Ni +
+13.7% Cr + 0.02% Cr +
1.2% Si+ 4.2% Si +
0.15% Fe + 0.15% Fe +
0.05% C + 0.05% C +
0.01% Mg) | 0.05% Mg)
platinum— Platinum —50 to 1768 10-14
rhodium Pt (600-1600°C)
(87%Pt +
13%Rh)
platinum— Platinum —50 to 1768 10-14
rhodium Pt (600-1600°C)
(90%Pt-10%
Rh)
Constantan | —270 to 400 40-60
Copper Cu-Ni alloy (0-400°C)
o (55% Cu +
45% Ni, Mn,
Fe)
Chromel Copel (56% | —200 to 900 64-88
Ni-Cralloy | Cu + 44% Ni) (0-600°C)
(90.5% Ni
+9.5% Cr)

The most widely applied is the K-type thermocouple because it covers the
widest temperature measurement range from —270 to 1372°C. The average
sensitivity of the K-type thermocouple is approximately 41 uV/°C. The K-type
thermocouple is resistant to oxidation (especially above 500°C) but unsuitable
for operation in reducing or sulphurous conditions [143].

The E-type thermocouple operates in oxidizing or inert atmospheres over the
temperature range from —270 to 870 °C. The E-type thermocouple exhibits the
highest sensitivity: it is resistant to oxidation and to moisture corrosion.

The J-type thermocouple can be used in vacuum, in reducing or inert
atmosphere, but it is unsuitable for the moist or sulphurous conditions, because it
oxidises above 540°C.

It is shown in [185] that the N-type thermocouple is the best type for routine
temperature measurements and control over the temperature range from —40°C
to 1200°C because of its high sensitivity, stability at high temperatures, and its
resistance to high temperature oxidation.
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For the precise temperature measurement and monitoring at high
temperatures, different thermocouples with the electrodes made of platinum, and
platinum-rhodium alloys, are most frequently employed. Such thermocouples
have been utilized as a secondary reference standard over the temperature range
from 0 to 1400°C. The S-type thermocouple was formerly used in defining the
International Practical Temperature Scale of 1968 in the range from 630 to
1064°C, because it exhibits good thermal stability. The S-type and R-type
thermocouples are usually employed to provide temperature measurements up to
1400°C. The wide use of the S-type thermocouples in industry is due to their
ability to carry out simple and accurate temperature measurements [1, 150].
Comparing the linearity of the K-type thermocouple and the S-type
thermocouple with other thermocouple types, it turns out that the former is the
most linear, while the latter is the least linear one.

The B-type thermocouples are usually applied over the temperature range
from 800 to 1700°C.

The noble metal thermocouples can be used as a substandard for routine
measurements and calibration. The Pt/Au thermocouple can be employed over
the temperature range up to 1000°C, and has a sensitivity of 25 pV/°C at 900°C.
The Pt/Pd thermocouple can be applied in the temperature range up to 1500°C,
and is characterised by rather low sensitivity (19 uV/°C at 1000°C). The
thermoelectric properties of Pt/Pd thermocouples are better than corresponding
properties of Pt-10% Rh/Pt thermocouples, at least up to 1060°C. These two
types of thermocouples exhibit good repeatability. It was proved that the
stability and repeatability of the noble metal thermocouples could be improved
after annealing at 950°C for 300 h. It should be pointed out that the pure element
thermocouples are more homogenous than alloyed thermocouples made of
alloys [1, 130, 185].

Now let us consider the possible reasons for the thermoelectric instability of
thermocouples. The main reason is related to the variations in composition of the
thermoelectric alloys. The contaminations, oxidation and vaporization of the
thermocouple electrodes materials result in the instability of thermocouples. In
recent years, and up to present time, the thermocouples with electrodes of pure-
metals are still designed and investigated. The advantages of the thermocouples
with electrodes of pure metals, compared to thermocouples with electrodes made
of alloys, are that pure metals have the merits of accuracy and stability. This is
due to their thermoelectric uniformity, the constant composition of the electrodes
(the selective oxidation of the components of the alloy or mutual diffusion are
eliminated). In order to achieve good interchangeability of the thermocouples, it
is recommended to use thermocouple electrodes made of high-purity metals, for
which the deviations of the thermo-emf function e($) from the standardized
values are small [197].
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3.2. Improvement of accuracy in temperature measurement with
thermocouples

The thermocouples are widely used for measuring temperature. However,
some demerits should be considered when the temperature measurements with
thermocouples are to be performed. The cold-junction temperature has
a considerable impact on the measurement results. In many cases, the application
of the melting ice-bath in order to keep cold junction at zero degree Celsius is
impractical. If the cold junction is not kept at 0°C, the temperature of this
junction should be known for determining the actual hot-junction temperature. In
this case, the cold-junction compensation is required, i.e. the compensation of
the shift of the output voltage of the thermocouple due to the voltage shift
produced because of nonzero cold-junction temperature. The relationships
between the thermo-emf of the various types of thermocouples and the measured
temperatures are nonlinear. Errors up to 5% can be caused by the nonlinearity of
a thermocouple [232]. When using a resistance temperature sensor for cold-
junction compensation, the error to be compensated for is a function of both
thermocouple nonlinearity and the variation in ambient temperature [280].

3.2.1 Analysis of the compensation schemes of the cold-junction
temperature

The cold-junction temperature influences the measurement accuracy,
especially in measurements of low temperatures. In order to compensate the
cold-junction temperature influence, either the thermostatting of the cold
junction or compensating electronic circuits are applied [96, 164].

Compensation methods can be divided into broad categories of analogue and
digital. Digital methods require an additional measuring channel and expensive
compensation sensors of high accuracy [164, 259]. In the case of an analogue
compensation, various types of secondary measuring devices can be employed.
An analogue compensating circuit forms a voltage equal to the thermo-emf of
the thermocouple at anonzero cold-junction temperature but with the sign
opposite to this emf.

The cold-junction compensation is based on summing up the compensating
voltage with the output voltage of the thermocouple, so that the cold junction
appears to be at 0°C, no matter what the actual cold-junction temperature may
be. In order to form the compensating voltage, temperature dependent bridge
circuits are employed. In these circuits, the resistance temperature sensors are
connected either in one or in two arms of the bridge [147, 178, 188]. The
compensating voltage can be expressed by the formula:

Ue =Uks (%), (3.2)
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where U is the supply voltage of the bridge circuit, and k,(:9.) is the transfer
coefficient of the bridge circuit, which depends on the cold-junction
temperature 9.

In [277] the following bridge compensating circuit is described. A resistive KTY
silicon temperature sensor with a positive TCR is connected in one bridge arm, and
also two additional resistors are connected: one in parallel, and the other in series
with the KTY sensor. As the KTY silicon resistive sensor is high-ochmic one, an
additional operational amplifier is applied. For the ambient temperature changes
within the range from —20°C to 70°C, the accuracy better than 0.5°C is achieved.

The bridge circuits can be fed from aconstant voltage/current source, and
galvanically separated from the rest of the thermocouple measuring
device (Fig. 3.1) [96].

The formulas for the output compensating voltage of the circuits depicted in
Fig. 3.1 (for the schematics (a), (b), and (c), respectively) can be expressed as
follows:

(circuit a) U, =U, Re __ R , (3.3)
Rg+R, R, +R;
(circuit b) U, = UsRy [ Rs __Ry J , (3.4)
R, +Ry \Rg+R, R, +R;
(circuit ¢) U, = oRy R ( Rs __Ry j , (3.5)
R, +Ry \Rg+R, R, +R;

where I, is the value of the reference current from a constant current source; R;, R,
and Rj are the resistances of the temperature-independent resistors of the bridge
circuit, Ry is the resistance of the resistance temperature sensor of the bridge circuit,
and Ry is the resistance of the calibration resistor.
The R, resistance is the input resistance of the bridge circuit, and can be
calculated from the formula:
(R1 +Ry MR, +Rs)

R, = . 3.6
* R +R,+R,+R, (36)

Usually, as the resistance temperature sensor Ry in the compensating circuit
an RTD Cul00 type is employed. The resistance of such resistor is expressed by
the formula (2.3).
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Figure 3.1. Schematics of compensating circuits fed from: (a) constant voltage source, (b) constant
voltage source connected in series with calibration resistor, (c) constant current source
connected in parallel with calibration resistor [96]



The resulting value of the compensating voltage U, for the maximum cold-
junction temperature is set by choosing the parameters of the supply source and
the resistance Rq. In order to improve the accuracy of the compensation of the
influence of the cold-junction temperature, the equality of the cold-junction
temperature and the temperature of the sensor of resistance Ry should be
provided.

The absolute error of the compensation of the influence of the cold-junction
temperature can be expressed as follows:

Aye :Uc_e('gc)’ (37)

where e(:9.) is the thermocouple emf at the cold-junction temperature 9., which
is determined in compliance to IEC 584-1 [284, 287].

The absolute error of the compensation of the influence of the cold-junction
temperature for a given temperature range 4%...%, expressed in degrees
centigrade, is equal to:

U, —e(9 K, ~ %)
T o) 9

where e(9%.1), e(%2), %1, S are either initial or final values of the interval of the
thermo-emfs and the temperatures, respectively.

The relationships between the absolute error of the compensation of the
influence of the cold-junction temperature and temperature, for the given
compensating circuits (Fig. 3.1) containing a Cul00 RTD as the Ry, and the
resistances of the arms equal to: R;=R,=R;3=100 Q, for various types of
thermocouples are graphed in Fig. 3.2 [96].

As it can be seen from the plots depicted in Fig. 3.2, the minimum error
values are obtained for the compensating circuit driven by a constant voltage
source connected in series with a calibration resistor (Fig. 3.1b).

The resistors R; and R, of the compensating circuit considerably influence the
compensation accuracy. The relationships between the absolute error of the
compensation of the influence of the cold-junction temperature, and the
temperature measured using the K-type thermocouple, for a compensating circuit
which contains a constant voltage source and a calibration resistor, are graphed
in Fig. 3.3 for different R; and R, resistor values. From the graphs presented in
Fig. 3.3 it can be seen that the accuracy of compensating voltage increases as the
R; and R, resistor values increase. The maximum accuracy is attained for
R:=R,=10000 Q. The further increase in the R; and R, resistor values has no
impact on the (constant) effectiveness of the compensating circuit; consequently,
no essential gain in accuracy is observed.
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Figure 3.2. Relationships between the absolute error of the compensation of the influence of the
cold-junction temperature and the cold-junction temperature, plotted for the
compensating circuits with: a) a constant voltage source (cf. Fig. 3.1a); b) constant
voltage source and calibration resistor (cf. Fig. 3.1b); ¢) current source (cf. Fig. 3.1c)
for various types of thermocouples
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Figure 3.3. Relationships between the absolute error of the compensation of the influence of the
cold-junction temperature and the cold-junction temperature, for different values of
Ri=R;

Within the narrow range of the cold-junction temperature variations, the shift
of the characteristics of the circuit at the endpoints of the aforementioned range
can improve the effectiveness of the compensating circuit [96]. At the upper
range limit, the compensating voltage can be adjusted by changing the supply
source voltage or the resistor value Ry; at the lower range limit, it can be adjusted
by changing the resistor value Rs. The relationships between the absolute error
of compensation and the cold-junction temperature over the temperature range
from 10 to 50°C, for compensating circuits with a constant voltage source and
a calibration resistor (Fig. 3.1b), for various types of thermocouples with shifted
characteristics are depicted in Fig. 3.4. From Fig. 3.4 it can be seen that for the
shifted characteristics of the compensating circuit, the absolute error over the
cold-junction temperature variation range from 10 to 50°C does not exceed
0.2°C for the thermocouples of K-, N- and L-types at R;= R, =1000 Q.
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Figure 3.4. Relationships between absolute error of the compensation of the influence of the cold-
junction temperature and the cold-junction temperature, for various types of
thermocouples, using the shift of the output characteristics at different values of
R;= R, (R; and R, are the resistances of the upper arms of the bridge circuit):
a) R1: R2:100 Q; b) R]_: R2:1000 Q

3.2.2. Thin film compensating circuit

In order to compensate the cold-junction temperature influence, the
compensating circuit should be placed close to the cold junction. The equality of
the temperatures of the cold junction and the temperature-dependent components
of the compensating circuit should be achieved. The application of the thin film
technology to the manufacturing process of the temperature-dependent
resistance bridge circuits considerably increases the accuracy of the equalisation
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of the temperatures of the cold junction and the temperature-dependent resistors;
it also ensures the required TCR value of the temperature-dependent resistors. In
consequence, the temperature measurement accuracy increases.

The scheme of the cold-junction temperature compensating circuit made in
thin film technology, and its connection to the thermocouple, is shown in
Fig. 3.5 [24].

block [ ==mmmmm oo

. .t|
l RZ circult

Figure 3.5. Scheme of the cold-junction temperature compensation circuit made by thin film
technology, and its connection to the thermocouple

The compensation bridge consists of the resistors Ry, R, Rs, and Rg. The
additional resistor Rg, is connected in parallel to the resistor R, in order to
obtain the required nonlinearity limit of the transfer characteristics. The bridge
compensating circuit is made of the shifted double-layer resistive film structure
on the dielectric substrate (Fig. 3.6). The resistance temperature sensors Ry and
R are made of the resistive film layers with positive (R;) and negative (Ry)
TCR, respectively. The resistors R;, R,, R; are made with the shifted double-
layer resistive film (Fig. 3.6). For equalising the temperatures of the bridge
compensating circuit and the cold junction, the heat equalising blocks are
applied. These thermal conducting blocks are comb-shaped copper plates, and
should be arranged in an interdigitated structure, with the plates spaced a few
millimetres apart from each other (Fig. 3.7) [24].

The thermocouple output voltage is summed with the output voltage of the
compensating circuit U, which is expressed as follows:

R
Uc :Us Rgl - = ) (39)
Ri+Rgyg R, + Req
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where Us is the supply voltage of the bridge compensating circuit, and Req is the
equivalent resistance for the resistors R and R in parallel.

Ry, Ry Ry, Dielectric

R
_|_% IEII EI EI — substrate

Heat equalising blocks

Figure 3.6. Arrangement of the thin film resistors in the bridge compensating circuit [24]

Figure 3.7. Heat equalising blocks of the bridge compensating circuit [24]

From the analysis of the expression (3.9) it can be seen that the required
value of the compensating voltage for the maximum value of the cold-junction
temperature can be adjusted by setting a proper value of the supply voltage. The
acceptable nonlinearity limit is set by the values of resistances of the resistors of
the bridge circuit.

In order to balance the bridge circuit at 3=0°C, the resistances of the resistor
Ra and the equivalent resistance Req at $=0°C should be equal.

The graphs of the relationships between the absolute errors due to the
influence of the cold-junction temperature and the cold-junction temperature for
K-type thermocouple, calculated using the equation (3.8) for different
resistances of the resistors R; and R,, are shown in Fig. 3.8. The values of the
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resistance of the temperature-dependent resistor Ry and the equivalent
resistance Req were assumed to be 100 Q at 3=0°C: the TCR of the temperature-
dependent resistors was chosen to be 0.0043 Q/°C.

A

0.2
1
/—\ ;
/ N,
0.1
— 2\
0 A \\, N\
— RSN
OU Sl T N \. 4
— ~ . ~\.\ ~ __’/‘{'1
<°> _01 \~~~~~“.: ‘¢"
PRl S
-0.2 3
-0.3
-04 »

-10 0 10 20 30 40 50 60
8.[°C]
Figure 3.8. Plots of the relationship of the absolute error due to the influence of the cold-junction

temperature vs. cold-junction temperature, for different values of R;=R;:
1) R;=R,=100 Q, 2) R;=R,=200 Q, 3) R;=R,=250 Q, 4) R;=R,=300 O

From the analysis of the plots it can be seen that the minimum error is
attained for the resistances value R;= R,=250 Q, and is less than 0.15°C.

The improvement in the accuracy is possible by means of shifting of the
characteristics of the conversion function, changing the supply voltage Us and
the value of the resistance Rs. The relationships between the absolute error of the
compensation of the influence of the cold-junction temperature and
cold-junction temperature, for different values of Us and Rs, are plotted in
Fig. 3.9. After shifting the characteristics of the conversion function of the
compensating circuit, the absolute error of the compensation of the influence of
the cold-junction temperature less than 0.1°C (the curve plotted for
R;=R,=200 Q, Fig. 3.9) can be achieved.
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Figure 3.9. Plots of the relationship of the absolute error due to the influence of the cold-junction
temperature vs. cold-junction temperature, for different values of Us and Rj:
1) U=30.34 mV; R3=199.8 Q, 2) Uy =30.36 mV; R3=199.9 Q, 3) U; =30.37 mV,
R3=200 Q

3.2.3. Compensating circuits with temperature-dependent voltage source

The improvement in the accuracy of reproducibility of the thermo-emf of the
thermocouples over a wide range of cold-junction temperature changes can be
obtained using the temperature-dependent voltage source for bridge circuit
supply. The output voltage Ugy from the temperature-dependent voltage source
can be expressed as:

Uy =U, +AU,_-3,, (3.10)

where U, is the nominal value of the output voltage at the cold-junction
temperature 9.=0°C, AU, is the absolute value of the voltage change due to the
change in the cold-junction temperature of one degree Celsius, and 4 is the
thermocouple cold-junction temperature.

The compensating voltage can be expressed as:

LJc :(Un +AUC lgc)l(b(‘slc) :Un 'kb(‘gc)"'AUc "90 : kb(‘gc)i (311)

where ky(4.) is the transfer coefficient of the bridge circuit which depends on the
cold-junction temperature.

From the analysis of the equation (3.11), it can be seen that the second term
constitutes an additional nonlinear component of the voltage compensation
equation compared with (3.2); hence, the equation (3.11) allows reproducing the
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value of thermo-emfs of thermocouples, affected by the cold-junction
temperature change, with higher accuracy.

In order to design a temperature-dependent voltage source, different resistive
or semiconductor thermocouple electrodes can be applied. The simplest method
is to employ semiconductor diodes [21, 96].

The compensating circuit composed of abridge and the temperature-
dependent voltage source containing a semiconductor diode D1 and the resistor
Ry, is shown in Fig. 3.10. The resistor R; is applied for setting a required
temperature-dependent voltage drop across the diode D1. The equality of the
temperatures of the cold-junction, the semiconductor diode D1 and the resistance
temperature sensor Ry can be achieved by various device design techniques.

The output voltage Uy of the temperature-dependent voltage source can be
expressed as:

Uy =U, —Upe+AU - 4., (3.12)

where U; is the supply voltage of the temperature-dependent voltage source, Upg
is the voltage drop across the diode at 0°C, AUp is the change in the voltage
across the diode due to the change in temperature of one degree Celsius, and 9,
is the temperature of the thermocouple cold junction, the semiconductor diode
D1 and the resistance temperature sensor R.

+ Temperature-dependent
: voltage source

2O

Heat equalising
block

Figure 3.10. Compensating circuit with the temperature-dependent voltage source with
semiconductor diode

The optimal values of the supply voltage U, of the temperature-dependent
voltage source, and the resistances of the resistors R,, R3, R4 for various types of
thermocouples are given in Table 3.2.
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Table 3.2. Optimal values of the elements of the compensating circuit with atemperature-
dependent voltage source containing a semiconductor diode (Fig. 3.10) for various

types of thermocouples

Thermocouple L-type K-type | R-type S-type N-type
type
U [V] 2.235 3.514 1.367 1.498 3.178
R, [kQ] 10 30 51 60 40
R; [kQ] 10 30 51 60 40
R, [Q] 100 100 99.98 99.98 100

The relationships between the absolute error of the compensation of the
influence of the cold-junction temperature and the cold-junction temperature,
calculated from equation (3.8) for various types of thermocouples over the range
—10 ... 60°C, are depicted in Fig. 3.11.
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Figure 3.11. Relationships between the absolute error of the compensation of the influence of the
cold-junction temperature and the cold-junction temperature, for the various types of
thermocouples

From the graphs depicted in Fig. 3.11, it can be seen that for various types of
thermocouples the absolute error of the compensation of the influence of the
cold-junction temperature is less than 0.1°C.

The reduction of the resistances of the resistors R, and R of the bridge circuit
is achievable by using an additional resistor Ry, connected in series with the
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bridge circuit [96]. For that bridge circuit, the optimal values of the supply
voltage of the temperature-dependent voltage source and of the resistances of the
resistors R,, R; and R, for various types of thermocouples, are given in
Table 3.3.

From the graphs plotted in Fig. 3.12, it can be seen that in this case the
absolute error of the compensation of the influence of the cold-junction
temperature is less than 0.06°C for various types of thermocouples.

Taking into consideration all aspects presented above, the following
conclusion can be drawn: the compensating circuit with a temperature-dependent
voltage source containing a semiconductor diode provides the absolute error of
the compensation of the influence of the cold-junction temperature less than
0.1°C for various types of thermocouples.

Table 3.3. Optimal values of the elements for compensating circuit with a temperature-dependent
voltage source containing a semiconductor diode and additional resistor Ry, for various
types of thermocouples

Circuit Thermocouple type

parameter L-type K-type | R-type S-type N-type
Us [V] 1.50 1.675 1.15 1.19 1.565
R, [Q] 100 100 100 100 100
R; [Q] 100 100 100 100 100
R4 [Q] 100 99.99 99.99 99.99 100.02
Rq [KQ] 1.191 2.45 8.416 8.936 3.326

For designing a temperature-dependent voltage source, transistors can also be
applied [20, 104]. Then, the compensating circuit consists of the galvanically
separated temperature-dependent voltage source, and the resistance bridge
circuit (Fig. 3.13).

The temperature-dependent voltage source is fed from an external AC power
source through the isolation transformer. The rectified alternating voltage is set
on the capacitor Cy, and is stabilised by the current stabiliser DA2. The resistors
R; and R, are employed for the regulation of the stabiliser output voltage, in
order to ensure the required accuracy of the compensating voltage formed within
the circuit for various types of thermocouples.

The value of the current stabiliser output voltage is equal to:

U
Ust =Ustnom+Rl[|st+ ;nomj’ (314)

2
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where | is the stabilised current of the stabiliser DA2, and Ug; nom IS the nominal
output voltage of the stabiliser DA2.

0.06
0.04

0.02

A [°C]

-0.02

-0.04

-0.06
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Figure 3.12. Relationships between the absolute error of the compensation of the influence of the
cold-junction temperature and the cold-junction temperature for various types of
thermocouples

Temperature-dependent ' Bridge circuit :
. voltage source Ql o :
: Current

stabiliser
DAl DA

s [ ll S O T

s

Figure 3.13. Compensating circuit comprising a temperature-dependent voltage source based on
a transistor

The required relationship between the output voltage of the temperature-
dependent voltage source and temperature is ensured by the temperature
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dependence of the base-emitter voltage of the transistor Q1, and can be
expressed as follows:

Usd :kdUst_UbeO+AUbe‘9c’ (315)

where Uy is the base-emitter voltage of the transistor Q1 at 0°C, AUy, is the
averaged value of the base-emitter voltage change due to the temperature change

of 1°C, and k, = R,
R;+R,

built with the resistors R; and R..

is the divider’s voltage ratio of the voltage divider

The compensating voltage U, is equal to:
U = URy Rs _ Re
© Rg+R,(R;,+R; Rg+Ry )

(R7 + Rs)(Rs + Rg)
R, +Rg +Ry + Ry

(3.16)

where R, = is the input resistance of the resistance bridge

circuit.

The required accuracy of the compensating voltage is achieved by choosing
the values of Uy, Upeo, AUy and Rg. The resistor Rs is applied for setting the Uy,
and AUy, values.

The resistance values of the resistors of the bridge circuit for various types
thermocouples types were chosen to be equal: R;=Rg=Rgs=R,, where Ry is the
resistance of the resistance temperature sensor at 0°C.

Then, the expression (3.16) is transformed into the following one:

U _ Usd‘algcRO
¢ Ry(4+a9)+2R,(2+al,)

(3.17)

The optimal values of the supply voltage of the stabiliser and the resistance of
the resistor Rg for various types of thermocouples are given in Table 3.4,

Table 3.4. Supply voltage of the stabiliser and the resistance values of the resistor Rg for various
types of thermocouples

Circuit Thermocouple type

parameter L-type K-type R-type S-type N-type
Uq [V] 1.6 1.9 1.2 1.25 1.7
Re [KQ] 1.465 3.218 10.56 11.3 4.145
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The relationships between the absolute error of the compensation of the
influence of the cold-junction temperature and the cold-junction temperature, for
various types of thermocouples are plotted in Fig. 3.14.

From the analysis of these relationships, it can be seen that for the latter
compensating circuit (Fig. 3.13) the absolute error of the compensation of the
influence of the cold-junction temperature is less than 0.07 °C for various types
of thermocouple.

The same results were obtained for the compensating circuit with
temperature-dependent supply source based on a transistor, described in [104].

0.1

0.05

-0.05

v

Figure 3.14. Relationships between the absolute error of the compensation of the influence of the
cold-junction temperature and the cold-junction temperature for various types of
thermocouples

The reproducing accuracy of the voltage U, depends on the equality of
temperatures of the cold-junction and the temperature-dependent elements (the
semiconductor transistor Q1 and the resistor Ry). In order to ensure the equality
of the temperatures of Q1, Ry, and the contact elements K; and K, with which
the cold junction terminals are connected, all these components should be placed
on heat equalising block, and put in the thermostat. The scheme of the
arrangement of the components and the thermocouple connection is given in
Fig. 3.15.
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block

e($)+U.

Figure 3.15. Scheme of the temperature-dependent element emplacement and thermocouple
connection

In order to improve the heat contact, a caseless-type transistor Q1 and a thin
film resistor Ry can be applied. They can be placed on the contact elements K;
and K.

The temperature-dependent voltage source based on an operational amplifier
and a resistance temperature sensor [100] allows performing an independent
regulation within wide range of both the nominal voltage U, values, and the
values of voltage changes due to the changes in the cold-junction temperature
AU.. Thus, the compensating voltage for various types of thermocouples can be
formed with higher accuracy. The schematic diagram of the compensating
circuit composed of the temperature-dependent voltage source, the temperature-
dependent resistance bridge circuit, and the heat equalising block, is shown in
Fig. 3.16.

The current |, from the current stabiliser flows through the resistors R; and
R4, and forms the temperature-dependent voltage, which is equal to:

U=1,(R, +Ry,). (3.18)

The temperature-dependent voltage U is amplified in the non-inverting
operational amplifier DAL circuit, the gain k, of which is expressed as follows:
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k, = . (3.19)

The output voltage of the temperature-dependent voltage source Ugy consists
of the constant voltage component, which is equal to the nominal value of the
output voltage U, at the cold-junction temperature $.=0°C and the variable
voltage component U,=AU. 9.

Uy =U,+U,. (3.20)
. Temperature-dependent 0 Bridge
voltage source '

i +o

. Heat equalising
block

Figure 3.16. Compensating circuit with a temperature-dependent op-amp-based voltage source
with a resistance temperature sensor

The constant voltage component is determined by the resistance values of the
resistor R; and the resistance temperature sensor R at 0°C; it is equal to:

U, =1,(R, +Ry)-ky, (3.21)
where Ry is the resistance of the resistor Ry, at 0°C.
The variable component of the output voltage of the temperature-dependent

voltage source is determined by the change of the value of Ry with cold-
junction temperature, and is expressed as follows:

U, = I,R,adk,, (3.22)
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where « is the TCR of the RTD resistor Ry, and 9. is the cold-junction
temperature.

The compensating voltage, i.e. the output voltage of the bridge circuit based
on the resistors Ry, R4, R, Rs and Rg, is equal to:

R, ad

u.=uU . € , 3.23
¢ TYR,+R, 2(2+ad) (3.23)
where R, = (Ra+ Ry )Rs + Ry) is the input resistance of the resistance bridge
R, +Rs + Rs + Ry,
circuit.

Substituting (3.21) and (3.22) into (3.23), the following expression is
obtained:

R, ad, R, (a8 )3

U, =1,(R +Ry)-k . + 1,Rk :
e =o(Ri+Ry) *Ry+R, 22+ad) °PPR,+R, 2(2+ad,)

(3.24)

From the analysis of the expression (3.24) it can be seen that the second term
constitutes the additional nonlinearity which improves the reproducing accuracy
of the thermo-emf of the cold junction. The optimal values of the nominal
supply voltage and the temperature-induced change in the output voltage can be
determined for various thermocouples by choosing the appropriate values of the
resistor R; and the gain of the operational amplifier; the k, value is set with the
resistors R, and Rs.

The heat equalising block is applied for equalising the temperature difference
between the cold junction of the thermocouple and the resistance temperature
sensors Rg and R g.

The compensation effectiveness for the L-type, K-type, S-type, R-type and
N-type thermocouples was investigated. As the result of the investigations, some
component values of the compensating circuit (Table 3.5) at which the optimal
values of the compensating voltage can be achieved were determined.

Table 3.5. Optimal values of the compensating circuit components obtained using the
formulas (3.8) and (3.24)

Thermocouple R, R, Rq R; lo
type [Q] [Q] [€] [€] [mA]
L-type 110 3600 1500 1000 0.9816
K-type 159 3600 2500 1000 0.8037
R-type 15 3600 1427 1000 0.1425
S-type 30 3300 1482 1000 0.1434
N-type 130 3600 1311 1000 0.3234
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The relationships between the absolute error of the compensation of the
influence of the cold-junction temperature and the cold-junction temperature for
various types of thermocouples are plotted in Fig. 3.17.
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Figure 3.17. Relationships between the absolute error of the compensation of the influence of the
cold-junction temperature and the cold-junction temperature for various types of
thermocouple

From the analysis of the plots in Fig. 3.17 it can be seen that the absolute
error of the compensation of the influence of the cold-junction temperature is
less than 0.04 °C for L-type, K-type, R-type and S-type thermocouples, and does
not exceed 0.02 °C for the N-type thermocouple.

In order to supply atemperature-dependent voltage source based on
an operational amplifier, a voltage source can be employed [100]. In this case,
the resistor R, is connected between the positive terminal of the supply voltage
source and the resistor Ry, in order to feed the operating current through the
resistors R; and R g.

The constant component of the output voltage of the temperature-dependent
voltage source is equal to:

Y RitRy) (3.25)
" R+R+R, *

where Us is the supply voltage of the temperature-dependent voltage source.
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If the condition R,+Rg<<R; is met, the temperature-induced change in the
output voltage can be expressed as:
_Us 'Ro'a"gc .k

AU, = .
° R, +R+R, °

(3.26)

The compensation voltage of the compensating circuit with
temperature-dependent voltage source based on operational amplifier and
containing a resistance temperature sensor, is equal to:

U :US-(R1+RO).k R a8
° R,+R+R, * R;+R, 2(2+ad)
2
n US'RO k- Rb . (algc)
R,+R,+R, * Ry+R, 2(2+ad.)

(3.27)

Some component values of the compensating circuit at which the optimal
values of the compensating voltage can be achieved, are presented
in Table 3.6 [100].

Table 3.6. Optimal values of the compensating circuit components obtained using the
formula (3.8) and (3.27)

Thermocouple R, R; R, Ry Rs U
type [€] [€2] [€2] [€] [€] [Vl
L-type 4557 95.5 3600 1500 1000 5.0
K-type 6185 159 3600 2500 1000 5.0
R-type 34900 15 3600 1429 1000 5.0
S-type 34700 30 3300 1483 1000 5.0
N-type 15215 130 3600 1310 1000 5.0

The relationships between the absolute error of the compensation of the
influence of the cold-junction temperature and the cold-junction temperature,
for various types of thermocouples, are depicted in Fig. 3.18. From the
analysis of the relationships of the absolute error of the compensation of the
influence of the cold-junction temperature vs. the temperature (Fig. 3.18), it
can be seen that the circuit described in [100] ensures the reproducibility of
the thermo-emf of the cold-junctions with the reproducibility error less than
0.01°C for L-type thermocouples, and less than 0.04°C for K-type, R-type, S-
type and N-type thermocouples.
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Figure 3.18. Relationships between the absolute error of the compensation of the influence of the
cold-junction temperature and the cold-junction temperature for various types of
thermocouples

3.2.4. Compensating circuit with temperature-dependent voltage divider

The effectiveness of the compensating circuits over a wide range of the cold-
junction temperature change can be improved by employing additional
temperature-dependent voltage dividers [22, 102].

The schematic of the resistor-based compensation bridge circuit with
additional, temperature-dependent voltage divider built with the resistors R, and
R, is shown in Fig. 3.19. In order to maintain equal temperatures of the
resistance temperature sensors Rg and Rg, and the cold-junction of the
thermocouple, the passive thermostat with thermally conductive temperature
equalisers can be employed.

A voltage source Us or a current source I can be used as the power supply of
the compensating circuit.

If a voltage source Us is employed, the output compensating voltage of the
compensating bridge circuit with additional voltage divider can be expressed as:

U =U Rb R91 _ RS . RSZ (328)
¢ TC°Ry+R,(R+Ryq R,+R;) Ry, +R,+Ry,

(Rl + RSl)(RZ + R3)
R, +R, +R; + Ry

where R, = is the input resistance of the bridge circuit, and
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_ (Rs + Ry )R, +Ry)
R, +R, + Ry + Ry

is the output resistance of the bridge circuit,

out
assuming Ry <<Rg.

R,
—
LI

u(?)

R, Rzﬁ]
Ry R3|%| Ry, T Ue

Figure 3.19. Schematic of the compensation bridge circuit with a temperature-dependent voltage
divider

If a current source I, is employed, the output compensating voltage can be
calculated as:

U.=1,R R Ry |, Ra . (3.29)
¢ "R +R,; R,+R;) R, +R,+Ry,

From the analysis of the formulas for compensating voltages (expressions
(3.28) and (3.29)), it can be seen that the application of a temperature-dependent
voltage divider involves the presence of additional nonlinear components in the
formulas for the output voltage, which improve the accuracy of the function
describing the dependence of the thermo-emf reproducibility of the thermo-emf
on the cold-junction temperature.

The relationships between the absolute error of the compensation of the
influence of the cold-junction temperature and the cold-junction temperature of
the bridge circuit fed from voltage source, for the resistance temperature sensor
Pt100 and various types of thermocouples, are shown in Fig. 3.20.

The relationships between the absolute error of the compensation of the
influence of the cold-junction temperature and the cold-junction temperature of
the bridge circuit fed from a current source, for Pt100 and various types of
thermocouples, are shown in Fig. 3.21.
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Figure 3.20. Relationships between the absolute error of the compensation of the influence of the
cold-junction temperature and the cold-junction temperature of the resistor-based
circuit fed from a voltage source, for Pt100 RTD and various types of thermocouples
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Figure 3.21. Relationships between the absolute error of the compensation of the influence of the
cold-junction temperature and the cold-junction temperature of the bridge circuit fed
from a current source for Pt100 RTD and various types of the thermocouples

The absolute error of the compensation of the influence of the cold-junction
temperature versus the cold-junction temperature for the Cu100 RTD connected
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as R; and the bridge circuit fed from a voltage source is plotted in Fig. 3.22a and
for the bridge circuit fed from a current source is presented in Fig. 3.22b.
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Figure 3.22. Relationships between the absolute error of the compensation of the influence of the
cold-junction temperature and the cold-junction temperature for the bridge circuit fed
(a) from a voltage source and (b) from a current source, for the Cu100 RTD and for
various types of the thermocouples
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From the analysis of the plotted relationships between the absolute error of
the compensation of the influence of the cold-junction temperature and the
cold-junction temperature (Figs. 3.20, 3.21, and 3.22), it can be seen that the
abovementioned circuit (Fig. 3.19) ensures the reproducibility of thermo-emf of
a cold-junction with an error less than 0.06°C for various types of
thermocouples.

The reproducibility errors of the thermo-emf of cold-junction for Pt100 and
Cul00 RTDs within the investigating temperature range are equal. Therefore,
while designing the compensating circuits the Cu RTDs can be applied, since
they are at lower cost than Pt RTDs and nevertheless, good enough to ensure the
required metrological characteristics over the cold-junction temperature range
—10°C...60°C. For driving the bridge circuit, both a voltage source and a current
source can be applied, because in both cases the same compensation accuracy is
achieved. In the case of long lead wires connecting the supply source to the
bridge circuit, the current source should be employed.

3.2.5. Compensation of the influence of the cold-junction temperature and
linearization of the thermocouple transfer function in multichannel
temperature measuring devices

In many investigations of thermal processes, e.g. heat spreading in the tooth
root, a set of thermocouples is used [64, 168]. In this case, the multichannel
measuring devices are employed. Their accuracy depends on cold-junction
temperature and nonlinearity of the emf versus temperature relationship.

The compensation of the influence of the cold-junction temperature can be
either individual, ingroups or general. In the case of the same type of
thermocouples being used, the general compensation for all thermocouples
should be done.

The structural scheme of a multichannel temperature-measuring device
intended for performing the general analogue compensation of the influence of
the cold-junction temperature change is shown in Fig. 3.23.

The temperatures of the cold junctions of the thermocouples and of the
resistance temperature sensor Ry of the compensating circuit are equalised by
a temperature equilibrator. The negative legs of the thermocouples are connected
at acommon point and to the compensating circuit. The positive legs are
connected separately to the inputs of the multiswitch. To the i-th input of the
multiswitch, the following voltage is applied:

U, =¢(3)+U,, (3.30)

where ¢;(9) is the emf of the i-th thermocouple, and U, is the output voltage of
the compensating circuit, i=1, ..., n; n —the number of thermocouples.
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The voltage U; is passed from the multiswitch to the input of the voltage
amplifier. The amplifier’s output voltage is equal to:

Uai zka[ei(‘g)+uc]’ (3-31)

where k, is the transfer coefficient of the voltage amplifier.
At the digital output of the analogue-to-digital converter, the following code
N; is formed:

N, =k.k [ (%)+U.], (3.32)
where k. is the conversion coefficient of the ADC.

Choosing certain values of k, and k., one can establish the equivalence of the
output code of the ADC to the value of the measured emf of the thermocouple.

Temperature equilibrator Indicator

/ 1

Multiswitch
'
Voltage amplifier
-
Analogue digital converter
'
Microprocessor

©
=)

—>
—
—>

Control
device

Bridge |: ¢/
circuit ‘

Figure 3.23. Structural scheme of a multichannel temperature measuring device

The output codes of the ADC are passed to the input of the microprocessor,
which averages the results N; of the conversion of the ADC at every channel, in
order to reduce the normal noise:
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1 m
Niay == > Ny, (3.33)
L ypey

where N,,, is the output average code of the microprocessor, and m is the

number of the measured values at every channel, 1=1, ..., m.

The relationship between the output voltage of the thermocouple and the
temperature is nonlinear. The linearization of the conversion function can be
done in either analogue or digital form [97].

The analogue linearization can be done by changing the conversion function
of the amplifier over certain conversion ranges. The use of an electronic circuit
for linearization may add temperature drift.

For digital linearization, the calibration tables or functions approximating the
table values, or neural networks should be used for determining the temperature
value corresponding to the measured thermocouple voltage. The application of
the calibration tables requires a large memory capacity for their storing. The size
of the look-up table stored in the memory of microprocessor increases with the
accuracy of the stored data. The use of the high power polynomials can
negatively affect the measurement accuracy. Because of this, the piecewise-
linear approximation is preferred. In this case, the error of nonlinearity depends
on the thermocouple type and the temperature measurement range.

The equivalent temperature code Ny is determined from the following
expression:

where ij , a; are the multiplicative and additive coefficients of linearization

(resp.), for certain temperature ranges.
The coefficients ij , @ are determined from the condition which requires

the approximation function to pass through the endpoints of the linearization
interval. The coefficients can be calculated from the following equations:

L= %~ , (3.35)
kako (&5 —e1;)(es; €, )
9, -9
] ]

where 9y, 9, denote the lower and upper endpoint values of temperature of the
j-th interval, respectively, and ey, e, denote the initial and final emf of the j-th
range of the thermocouple, respectively. The number of the approximation

97



intervals is chosen according to the tolerated error of the measurement for
a given type of thermocouple.
The microprocessor sets the given interval after checking the conditions:

& < Njpy <5, and calculates the value of the temperature from the expression

(3.34) using appropriate coefficients ij , &, which are saved in the memory

of the microprocessor and can be set from the control device.
In this case, the error of nonlinearity of temperature approximation in a given
range is equal:

9~

A, =

9n ezj e,

where 9, e, are the true values of the temperature and the emf of the
thermocouple, respectively.

The relationship between the error of nonlinearity of the temperature

piecewise-linear approximation and the temperature for K-type thermocouple,

for 8 equal intervals and the temperature change from 0 to 800°C, is graphed in

Fig. 3.24.

Ag,[°C]

Figure 3.24. Error of nonlinearity of the temperature approximation vs. temperature for K-type
thermocouple for 8 equal approximation intervals and the temperature range from 0
to 800°C

In order to improve the accuracy, the number of intervals within the
temperature range with the highest error can be increased. The error of
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nonlinearity of the temperature piecewise-linear approximation vs. the measured
temperature for K-type thermocouple for adoubled number of intervals
(6 intervals) within the temperature range from 0 to 300°C is plotted in Fig. 3.25.

As it can be seen from the plots (Figs. 3.24 and 3.25), the piecewise-linear
approximation of the conversion function of the thermocouple ensures the error
of nonlinearity over the temperature range from 0 to 800°C less than 0.6°C for
8 equal approximation intervals, and less than 0.2°C for 11 intervals (6 intervals
for temperatures from 0 to 300°C, and 5 intervals for temperatures from 300°C
to 800°C).

-0.2 >
0 60 120 180 240 300
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Figure 3.25. Error of nonlinearity of the temperature piecewise-linear approximation vs.
temperature for K-type thermocouple for 6 intervals within the temperature range
from 0 to 300°C

Summary

Thermocouples are the most popular temperature measurement transducers
available. Because of their low cost and wide acceptable range of temperature
measurement, one can employ thermocouples for a variety of applications in all
industry fields. The cold-junction temperature of a thermocouple influences its
measurement accuracy, especially in measurements of low temperatures. One of
the more popular methods for eliminating the cold-junction temperature
influence is the application of compensating circuits which form the voltage
equal to the thermocouple voltage at cold-junction temperature but of opposite
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sign. The bridge compensating circuits fed from voltage or current source are
mostly used. In this case, in order to compensate the influence of the cold-
junction temperature, the equality of the cold-junction temperature and the
compensating circuit temperature-dependent components should be ensured. The
application of thin film technology for manufacturing process of the
temperature-dependent resistance bridge circuits considerably increases the
accuracy of the equalisation of the temperatures of the cold junction and the
temperature-dependent resistors. If the compensating circuits based on resistive
thin-film temperature sensors with both positive and negative TCR are
employed, the error of the compensation of the cold-junction temperature is less
than 0.15°C. The improvement in accuracy of reproducibility of the thermo-emf
of thermocouples over a wide range of cold-junction temperature changes can be
obtained using the temperature-dependent voltage source for bridge circuit
supply. For the design of the temperature-dependent voltage sources, various
resistive and semiconductor components can be employed. For example, if
semiconductor transistors are employed, the absolute error induced by the
influence of the cold-junction temperature change is less than 0.07°C for various
types of thermocouples. Similarly, the compensating circuits with the
temperature-dependent supply sources based on semiconductor diodes exhibits
an error less than 0.06°C, and temperature-dependent resistors with operational
amplifier ensure the error less than 0.04°C for different types of thermocouples.

In order to increase the effectiveness of the compensating bridge circuits over
the wide range of cold-junction temperature change, also acircuit with
additional temperature-dependent voltage divider can be proposed.
An exemplary circuit comprising the Pt100 ensures the reproducibility of
thermo-emf of a cold-junction with an error less than 0.06°C for various types of
thermocouples. The same accuracy is also achieved for less expensive RTDs
made of copper.

The nonlinearity of the output characteristic of the thermocouple also
influences the measurement error. For example, the proposed piecewise-linear
approximation of the transfer function of the thermocouple ensures the error of
nonlinearity over the temperature range from 0 to 800°C less than 0.6°C for
8 approximation intervals, and less than 0.2°C for 11 intervals (6 intervals for
temperatures from 0 to 300°C, and 5 intervals for temperatures from 300 to
800°C).
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4. Fibre-optic temperature sensors

Conventional electric temperature sensors such as thermocouples, RTDs or
thermoresistors are low-cost solution for majority of industrial measurement
tasks. Nevertheless, they cannot meet some more demanding conditions, like:

- extremely high or low temperatures,

- the presence of high voltages or strong magnetic fields,

- harsh environment (aggressive chemicals, explosive substances sensitive to
sparking,

- low mass,

- small dimensions (e.g. required in spacecrafts), etc.

In such cases, conventional electric temperature sensors can be replaced by
more sophisticated, modern fibre-optic temperature sensors [16, 82, 166, 195].

The onset of fibre optics technology has begun with the invention of maser in
1953, which evaluated into optical maser, known as laser (1960). Shortly after
the modern low-loss optical fibre was developed (1966), the era of fibre optic
telecommunications has been opened. A few years later, in early 1970s, the first
research on sensing applications of optical fibres has been started (although the
first fibre optic sensor patent was filed in 1963 [153], and granted in 1967 [45]).

Up-to-date, optical fibre based techniques and sensors can deal with difficult
measurements in some important niche areas, where conventional sensors
do not fit. Such position of fibre-optic sensors is due to their numerous
advantages [84, 141, 211, 225, 270, 274]:

— galvanic isolation,

— electromagnetic interference immunity to interference from external
electric and magnetic fields,

— intrinsic safety laser power falls below the levels that can cause ignition,

— small size and lightweight, compactness,

— possibility of integrated telemetry: remote, multiplexed operation, the fibre
itself is a data link,

— wide frequency bandwidth, larger than in the case of electric sensors,

— high sensitivity,

— no moving parts,

— immune to vibrations,

— design lives of 30 years and more,

— data transmitted in an optical format, no shielding required,

— savings in space and weight (aircrafts and spacecrafts),

— can withstand extreme temperatures better than electrical cables,

— robust to the presence of aggressive chemicals,

— provide perfectly separated electric potentials (e.g. in petrochemical
installations), high electrical isolation of use in lightning protection, high-voltage
and medical applications,
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— biocompability, minimally invasive against surrounding tissues in vivo,

— can survive in different environments (e.g. stringent radiation test),

— main characteristics remain unaltered with high radiation doses: application
in nuclear industry,

— high- and low-temperature capabilities,

— compatible with other optical devices,

— fibre-optic cables can be installed in the same cable tray with power cables,
lowering installation costs,

— no electronics or power is required at the remote sensing point.

The drawbacks of the fibre-optic sensors are low mechanical strength of
lightguides, the difficulties in launching light into the single-mode fibre
lightguide, and the nonlinearity of the transfer functions.

At present, the fibre-optic temperature sensors are employed not only in
medicine and biological investigations, but also in the conditions with aggressive
vapours or potentially explosive gas mixtures, in the areas of high radioactivity
and strong electromagnetic fields. These applications are connected with the
possibility of separating the primary transducers from the secondary transducers
by transmission lines of optical information over long distances. This allows the
user to avoid placing the supply sources and other electronic devices in
abovementioned areas. In this case, the system of optical signal transmission can
include the amplifiers and other active elements of the optical path.

Over forty years of investigating and developing a variety of fibre optic
sensing devices allow the users to measure with them most of basic mechanical,
electrical, biomedical, and chemical quantities [187], such as: temperature
(e.g. distributed sensing in rooms, hallways, offices), relative humidity, pressure,
refractive index, displacement (e.g. in hydrophones), stress and strain, vibration,
sound, flow, electric current, magnetic field, pH; blood glucose level, blood
oxygen concentration, gas concentration (e.g. hydrogen sensing), blood CO,
value. Moreover, such sensing devices can monitor creep and thermal stresses
(in concrete or steel constructions), or detect onset and growth of cracks in civil
engineering structures (non-destructive evaluation technique
(NDE)) [161, 222].

The fibre-optic sensors of various physical quantities, including temperature,
can be classified according to different criteria. Most popular is the sub-division
into intrinsic (or direct) and extrinsic (or indirect) sensors; sometimes the third
type, i.e. hybrid [254], is distinguished.

In the case of an intrinsic sensor, a part of the optical fibre interacts actually
with the quantity to be measured, and one or more of the physical properties of
the fibre undergo a change (Fig. 4.1). In extrinsic sensor, the sensing element
(transducer) which is directly affected by the measurand, is external to the fibre.
The sensing takes place outside the fibre which serves simply for coupling the
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light beam with the transducer where the light is influenced by environmental
signal (Fig. 4.2).

Light in
=
Environmental
Modulated e— signal
light out — (e.g. temperature)
=

Figure 4.1. Fibre optic intrinsic sensor with Bragg grating
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Figure 4.2. Fibre optic extrinsic sensor with electro-optic crystal

Another practically relevant classification is the subdivision of optical sensors
into transmission and reflection sensors. The transmission sensors (Fig. 4.3) exhibit
simpler structure because there is no need to use couplers for separating the forward
and backward travelling light, which are necessary in the case of reflection sensors
(Fig. 4.4). On the other hand, reflection sensors require access to only one of the
optical fibre, which is more convenient design [195].
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Figure 4.3. Fibre optic transmission sensor

Depending on the number of measurement points of a sensor system, three
categories are distinguished. A point sensor is dedicated to a particular location; as a
rule, only the fibre tip is sensitised, like in conventional sensors. An intrinsic
distributed sensor can sense the distribution of the whole fibre, and a quasi-
distributed sensor supplies the information collected at particular pre-determined
points along the length of the fibre; then, the sensitised regions of the fibre are
distributed in discrete pattern [82].
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Figure 4.4. Fibre optic reflection sensor based on Fabry-Perot interferometer

The classification based on the light modulation and demodulation process
distinguishes the amplitude (intensity) sensors, the phase sensors, the frequency
sensors, and the polarisation sensors. The intensity sensors are incoherent and
have simple design. The phase or frequency sensors demand optical
interferometric technique of coherent detection; they have more complex
construction, but better resolutions and sensitivities are achievable.
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Depending on the physical principle of measurement, the following types of
sensors for fibre optic temperature sensing are used [254]:

- the intrinsic temperature sensors, which in turn divide into:

- point measurement sensors: blackbody sensors, and interferometric sensors;

- distributed measurement sensors: Rayleigh scattering-based sensors, Raman
scattering-based sensors, Brillouin scattering-based sensors, fibre Bragg grating-
based sensors, and long-period grating-based sensors;

- the extrinsic temperature (point measurement) sensors, which can also be
divided into: fluorescence-based (or lifetime-based) sensors, evanescent-type
sensors, fibre optic pyrometers.

In the following sections, the most distinctive features of most of the
dominant types of fibre-optic temperature sensors will be characterised. Some
information on the photonic crystal fibre temperature sensing is also given.

4.1. Blackbody fibre optical thermometers

One of the niche areas where fibre optical thermometers (called also optical
fibre thermometers, OFTs) compete successfully with conventional electric
sensors, are the measurements in high temperature environments. The blackbody
OFTs are devices design for very-high temperature measurements wherein the
blackbody radiation physics can be utilised [140].

A typical blackbody OFT consists of a high-temperature optical fibre made of
sapphire, of the diameter of tens um. At the end of the fibre, a sensing tip is
formed in the shape of a small (sharpened, cut at a 45° angle) opaque isothermal
cavity, covered with a refractory (e.g. iridium) metallic coating. The radiative
flux emitted from the cavity is approximately equal to the emission from
a blackbody, and related to the absolute temperature inside the cavity via
Planck’s law. At the other (flat) end face of the sapphire fibre, a detection
system is processing the spectral radiative flux from the cavity (Fig. 4.5).

Thin film  Blackbody
Phototector Low-temperature metal coating _cavity
Lens optical fibre Coupler L

To

Narrow Single crystal ALO
band sapphire fibre 2
filter (ALO,) Protective

film

Figure .4.5. Typical configuration of a radiation-based sensor system

Despite of the thin film metallic coating and a sapphire cap on the tip, in
temperatures above 1500°C the impurities in the environment around the probe
result in contamination and corrosion of the surface of the sapphire fibre. That
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causes scattering loss to the fibre. Another source of unstable optic losses is the
coupler which splices the sapphire fibre with the low-temperature silica fibre.

The scheme in Fig. 4.5 illustrates the measuring circuit (arrangement) of the
single-band method, which directly determines temperature T, by the intensity of
one radiation signal. The low-temperature silica fibre is coupled through a lens
and a narrow-band filter to a photodetector, which converts the radiation into an
electrical signal. Because the equation relating the spectral intensity at the end of
the fibre to the temperature of the sensing tip neglects the self-emission by the
sapphire fibre, the measured temperature T, is greater than the actual
temperature To. The losses resulting from the contaminated surface of the
sapphire fibre and from the coupler affect the measuring accuracy of the single-
band method.

More accurate (but more costly) is the dual-band method (not depicted in
Fig. 4.5), which determines the temperature T, by the ratio of two radiations
transmitted through the same optical arrangement.

The accuracy of the single-band method can be improved, if two
measurements are made at two wavelengths 4; and 1,. The estimated temperature
Ty is expressed by the formula [138]:
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where n; and n;, are the refractive indices of the fibre at the wavelength 4; and 4,
C is radiation constant from Planck’s law, ¢, =hc/k,, £, and j,, are calibration

factors, M., and M,;, are the outputs from the detector, and t;,, =K_;L,
t,, =K,,,L are the optical depths of the fibre for the respective absorption

coefficients K,;; and K, of the sapphire fibre.

Sapphire, which is an allotrope of aluminium oxide Al,Os, is rather uneasy
material to deal with; however, silica fibre-based temperature sensor cannot
work above 1000°C because of degradation of mechanical strength and the
thermal out-diffusion of the germanium dopant. The right choice is a crystalline
optical fibre, owing to compact size and very good optical and mechanical
properties at elevated temperature [266]. Especially single-crystal fibres are
preferred; a zirconium single-crystal fibre sensor is reported to operate at
2300°C, and Yb-doped single-crystal YAG optical fibre sensor can withstand
1600°C. The single-crystal sapphire fibre exhibits high melting point, ca.
2050°C, and is chemically inert, but its integration with silica fibre based
systems is difficult [187].
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4.2. Fibre-optic temperature sensors based on fluorescence
lifetime measurement

The concept of optical fibres doped with materials possessing luminescent
properties has emerged in the early 1960s, but then it was oriented on laser
applications.

At present, most popular type of such sensors are fluorescence-based
temperature sensors [187, 230]. Fluorescence is a form of photoluminescence; it
happens when a substance has absorbed electromagnetic radiation [260].
A molecule, ion or atom of that substance has been promoted from the state of
its lowest energy (ground state) to a state of higher energy (excited state). Then,
the excited entities undergo a radiative transition to lower (usually ground) state,
and a fluorescence emission is produced [55]. This is the operation principle of
many intrinsic sensors based on rare-earth-doped fibres, e.g. fibres containing
erbium, thulium, holmium, neodymium, praseodymium, or ytterbium. In
commercial applications, most common are temperature sensors based on
fluorescence decay in erbium-doped fibre (EDF).

The EDF sensor is placed into the oven inside a quartz sheath, and excited in
the 800-nm region. For example, the 980-nm laser pump beam is launched
through a plain optical fibre into Er-doped piece of fibre, via a wavelength
division multiplexing coupler. Thus, the *,1/, erbium level is excited, and the
metastable erbium level *153, is guasi-instantaneously populated due to the non-
radiative transition. Then the population inversion between these levels occurs,
and a fluorescence emission at around 1550 nm takes place. If the Er-doped fibre
is pumped at a fixed rate, the fluorescence variations of lifetime reflect the
changes in temperature. The lifetime is linear function of temperature with
negative slope of approximately 9 us/°C, which is the sensor’s sensitivity within
the 0+-200°C range. The lifetime reduction with temperature is attributed to the
guenching of the erbium luminescence. The excitation becomes less efficient,
and thus the absorption coefficient of erbium ions falls with temperature;
therefore, the sensitivity decreases if the measurement temperature range is
shifted towards higher temperatures [271].

An example of extrinsic fibre-optic temperature sensor based on the crystal of
ruby is shown in Fig.4.6. Crystalline ruby is Cr* (0.35wt %)
doped Al,O; [4], and therefore it can be easily coupled mechanically with
sapphire fibre (also, an allotrope of Al,Os) which exhibits very good
transparency at the near IR-region. The operation principle is similar as for the
EDF sensor: first, the crystal is pumped with an excitation pulse of 520 nm, and
then the fluorescent emission of 698 nm takes place, so both excitation (green)
and radiation (red) occur within the visible spectrum [134].
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Figure 4.6. Schematic of fibre optic high temperature measuring system using ruby sensor head [3]

For lower temperature ranges (below 500 K), the most commonly found type
of fluorescence decay, namely exponential dependence on time is valid:

t

J)=Je ™, (4.2)

where J(t) is the fluorescent radiation intensity at time t after the termination of
the exciting radiant energy, J, is the fluorescent radiation intensity at t=0, and 7,
is the lifetime of fluorescence decay at a given wavelength. For the ruby crystal-
based temperature sensor, above ca. 500 K a second exponential component of
faster fluorescence decay appears in the equation, which becomes double
exponential:

t t

IM)=Jge ©+Je *, (4.3)

where J; is the faster fluorescent radiation intensity component at t=0, and 7 is
the lifetime of faster fluorescence decay component.

4.3. Interferometric fibre-optic temperature sensors

Although the main configurations of bulk-optic interferometry systems have
been developed over a century ago, they are still very attractive for their
exceptionally high accuracy of displacement sensing. From the early 1970s,
several fibre-optic equivalents of bulk-optic interferometers are available,
including the Michelson, Sagnac, Mach-Zehnder, and Fabry-Perot
interferometer. Among them, the Sagnac interferometer implementation as
a fibre-optic gyroscope (FOG) offers the sensitivity better than 10 radians [45].
The dual-path interferometers like Mach-Zehnder are easier to implement, but
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less accurate. For temperature sensing, the Fabry-Perot interferometer is
preferable, as the most versatile, because of it extremely high spectral resolving
power A/A up to 107 for an optical wavelength 4 [227].

An optical fibre itself can be exploited as a temperature sensor because it
exhibits the thermo-optic effect. This effect is described by the thermo-optic
coefficient which comprises two components. The major component accounts
for the change of the refractive index of a fibre with temperature rise; the minor
contribution is from the thermal expansion of the fibre. The resultant change in
optical patch due to the rise of the fibre temperature is around 30-40 ppm/K for
silica-core fibre [195].

The Fabry-Perot interferometry-based temperature sensors are realised in
both extrinsic (EFPI) [66] and intrinsic (IFPI) implementations [225] (also,
miniature EFPI, i.e. MEFPI, are reported [267]). In each case, the change in
temperature to be measured should be converted into achange in optical
thickness of a portion of the optical path.

In EFPI-based temperature sensors, a low-finesse Fabry-Perot cavity is
formed outside the fibre [15], inside a thin silicon chip attached to the polished
end face of a fibre. The opposite surface of the silicon chip is also polished and
may be covered with metallic film for better reflection. The light travelling from
a monochromatic source down the optical fibre partially reflects off on the
optical interface fibre end/silicon chip. The remained amount of light arrives to
the opposite face of the chip and then partially reflects off on the optical
interface chip/air.

Passing back through the fibre, the reflected beams of light interfere with one
another. The resulting interference pattern of fringes produced by constructive
interfering beams is detected, and converted into an electrical signal. The signal
can be demodulated to allow measuring the gap between the two interface
surfaces acting as mirrors. The measured gap is equal to the thickness of the chip
multiplied by its temperature-dependent refractive index. For high temperature
measurement, the silica optical fibre would be replaced with a sapphire
fibre [252], and the silicon chip with a sapphire wafer [276] or a silicon carbide
chip. This would allow extending the range well above 1000°C.

The technique of the temperature measurement using an intrinsic Fabry-Perot
interferometer (IFPI) [167] is much the same as EFPI [233], only the
Fabry-Perot cavity is inserted within the fibre. For this purpose, the fibre is
cleaved, and the ends are coated with a thin dielectric or metallic coating. Then
the end-coated fibres are fused to a portion of the fibre of the length L of the
order of tens times fibre’s diameter, producing two in-fibre reflective splices.

Some authors distinguish also the in-line fibre Fabry-Perot etalon based on
Fabry-Perot interferometer [82]. In that design, the two parts of a cleaved fibre
are fusion spliced to a section of a hollow-core fibre, a micro-tube, of the same
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outer diameter. This type of sensor is applied in order to monitor concrete or
composite construction, especially for strain and temperature analysis.

The need of clear discrimination of strain and temperature contribution to the
resulting phase-shift of the FP interferometer technique is met by strain- and
pressure-free housing design of the temperature sensor, or a reference sensor is
placed in a fixed temperature. The latter solution was adopted in classical dual-
Fabry-Perot sensor, where one fibre Fabry-Perot interferometer was exposed to
the temperature to be measured [167]. With respect to the light fed into the
Fabry-Perot sensing element, the system can be configured for white light
interferometry (or, more correctly, low-coherence interferometry) which allows
the user to analyse the full reflectance spectrum to determine the absolute optical
path difference, or for laser-based coherent light interferometry which relies on
fringe counting.

A Fabry-Perot interferometer contains two exactly parallel planar reflecting
surfaces (mirrors) separated by a distance L (e.g. 500+1000 nm) [15]. The
multiply reflected beams from the two reflecting surfaces interfere within the
resonator cavity. The reflectance of the resonator is a strong function of
wavelength and the optical length, nL, where n is the index of refraction of the
medium between the two reflecting surfaces. The phase difference between two
successive beams transmitted from the Fabry-Perot interferometer is given by:

_4avnL

Ay =, (4.4)

where v is the optical frequency, n is the unperturbated value for the effective
refractive index of fibre mode, and c is the free space velocity of light.

A dual Fabry-Perot interferometry system belongs to tandem interferometry.
The light source is a LED of low coherence, and the coherence length close to
optical path difference between the Fabry-Perot interferometers. The spectral
characteristics of the LED source are assumed to be Gaussian. The light from the
LED passes through a fibre coupler into the sensing Fabry-Perot interferometer
exposed to the change in temperature. The LED light is spectrally modulated in
reflection inside the sensing interferometer, which acts as a spectrally selective
reflector. This reflected light is, in turn, passed upon the reference Fabry-Perrot
interferometer, and partly transmitted to a power meter, whereas the reflected
light is detected with a photodetector module.

The sensing Fabry-Perot interferometer is assumed to be of a low-finesse
type, i.e. the reflectances of its two mirrors R are equal and much less than 1.
The same is assumed for the reference Fabry-Perot interferometer: R,<<1. The
phase shift A@, induced by the temperature change, adds to the shift Ady; so the
total phase shift in the sensing interferometer: A@=A@®y+A®,. Next important
assumption is that in the absence of temperature change, the sensing and
reference interferometers are identical (i.e., their optical path lengths are equal).
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Then the spectral power density of the power Pg, reflected from the reference
interferometer is equal to [167]:

_dolID\F;r =4RRa, ddlj/ls (1—cosA®, J1-cosAD,), (4.5)

where ¢, is a constant that represents optical losses on the path between the
sensing and reference interferometers, and dP,/dv is the spectral power density
of the power dP;s incident on the sensing interferometer.

After performing the integration over v under some simplifying assumptions,
one obtains [167]:

Po = 4R,R.a, P, (1+0.5c0sAD, ). (4.6)

This result shows that the power Pg, reflected from the reference
interferometer is a cosinusoidal function of the phase shift A@, introduced by the
temperature change.

The reflectance spectra of both interferometers give a product which fringes
location depends on the phase shift A@, That means that the sensing
interferometer’s output frequency spectrum of the light is modulated by the
reference interferometer, and only then passed to the photodetector. From the
formula (4.6) it can be inferred that Pg, changes between the P, value for
A@,=2mr and the Py, value for A@,=(2m+1)r, where m is an integer, m=0, +1,
+2, .... The visibility of the interference pattern is defined as [90]:

Pmax B IDmin

V= _mex — Tmin (4.7)
P I:>max + I:)min

Substituting the values of Pa and P, for the discussed dual Fabry-Perrot
interferometer temperature sensor, one can obtain V=0.5 as the maximum ideal
value of fringe visibility. For an experimental setup, the sensitivity of
1.57 rad/°C has been achieved, and a linear relationship between the temperature
and the phase shift was established for the temperature range 26-+108°C; the
respective phase interval was 40n radians (approximately a 2°C change in
temperature  produced a m-radian half-fringe phase shift in the
interference pattern [167].

The advantages of the Fabry-Perot interferometric sensors, such as high
values of sensitivity, resolution, and accuracy still encourage the researchers for
developing improved designs [162, 169]. An arrangement of a novel fibre-optic
temperature sensor based on the difference between thermal expansion
coefficient of fused silica core and metallic cladding is depicted in Fig. 4.7.
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Figure 4.7. Configuration of a fibre Fabry-Perrot interferometric temperature sensor with
a micromachined cavity and three mirror surfaces [169]

A detailed analysis shows that the dominant contribution to the modulation in
reflection is from the mirror 1 (the interface silica core/air) and the mirror 3 (the
reflective coating of gold). The thermal expansion coefficient of gold and nickel
is about 20 times above pure silica within the range —200°C=-1000°C. The cavity
length changes with temperature, and the induced optical phase shift can be
measured by quantifying the changes in the visibility of the interference fringes,
using a power sensor module. There are also similar devices designed as
cryogenic fibre optic temperature sensors (e.g. [154]).

Generally, the Fabry-Perrot interferometry-based temperature sensors require
an analysis of light interference patterns performed with complex, delicate and
costly interference analysis equipment [39]. However, the benefits of spectrally
encoded signal from the interferometric sensing device are its high reliability
and a nearly path-independent transmission along optical fibres over long
distances.

4.4. Grating-based fibre-optic temperature sensors

Although diffraction gratings were invented at the end of XVIII™ century, the
concept of creating grating into optical fibre emerged only about 30 years ago.
After some technological improvements, grating-based sensors have become
useful for many applications. Especially promising is the area of distributed
sensing with arrays of sensors embedded in materials for creating so-called
“smart structures” [222].

Fibre gratings are the most popular topic in fibre-optic sensor technology
under investigation: almost half of papers addressing fibre-optic sensors concern
this subject, and ca. 20% of them is linked to the temperature
measurements [166]. During extensive research on fibre grating sensors, various
types of fibre gratings have been developed: uniform fibre Bragg gratings, long-
period fibre gratings, chirped fibre gratings, tilted fibre gratings, or sampled
fibre gratings [141]. All the non-uniform structures can be tailored for special
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applications in sensing; but the most widely used type are the uniform fibre
Bragg gratings (FBGS).

Grating-based sensors are useful for a variety of applications (e.g. [265]). In
particular, the area of distributed embedded sensing in materials for creating
“smart structures” is of primary interest.

The first fibre Bragg gratings were developed as laboratory prototype designs
in 1978 by Canadian researchers Hill et al., but the real breakthrough was made
at the late 1980s, when a new fabrication technique was devised
by Meltz et al. [199].

The optical fibre that is to be perturbated by producing periodic variations in
the refraction index along a given portion in the core, must be photosensitive.
The property of photosensitivity in fibre optic silica (SiO,) core is due to the
germania (GeO,) doping. The concentration of Ge can be up to 15%, although
usually it is 3...5%. Inside the Ge-doped single-moded fibre core, the oxygen-
deficient bonds Si-Ge cause the GeO defects in the silica matrix.

The defect bonds can be broken by single-photon absorption of 244-nm UV
radiation from an excimer laser. In consequence, modifications in the glass
structure can shift the absorption spectrum a.(w). This, in turn, involves a
change An  of the refractive index  adequately to  the
Kramers-Kronig equation [2]:

0

where wand @”are complex variables unchanged, and changed, respectively.

The absorption shift occurs in the UV region, but the change in the refractive
index can occur in the visible region, or even in the IR region. In the portions of
the core where UV absorption takes place, an index grating appears as a periodic
pattern of the UV radiation intensity. Typically, within the range from 1300 nm
to 1600 nm, An is equal ca.10™, but for high Ge concentration it can attain 107;
unfortunately, this involves increased splice loss.

Another technique for enhancing the change An of the refractive index up to
102, invented in 1993, is to soak the fibre in molecular hydrogen gas at 200 atm
at room temperature. To preserve the photosensitivity, the fibre is stored at low
temperature after the hydrogenation.

Such core material (Ge-doped, or hydrogen-soaked) can be subjected to the
UV radiation which etches the grating into the core, either by using
interferometric techniques or through a photomask [81]. Chronologically, the
first was the single-beam interval technique, in which into the Ge-doped silica
core a single beam from an argon-ion laser operating near 488 nm, is launched.
Grating formation is started by the light reflected from the far end of the fibre,
which propagates backward and interferes with the incident wave radiation. The
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two waves create astanding wave pattern with periodicity A/2n, i.e. laser
wavelength divided by double mode index at that wavelength. The initial far-end
reflectivity is about 4%, but the light reflected from grating increases the
feedback and after a few minutes the strengthened grating ensures 90%
reflectivity. Unfortunately, such gratings exhibit the Bragg wavelength near the
laser’s wavelength, far from the technically important from 1300 nm to 1600 nm
region [145].

More flexible is the dual-beam interferometric external technique, invented
in 1989, similar to that used for holography, i.e. transverse-holographic
method [199]. The radiation from an UV laser is split into two beams, which
subsequently recombine at the fibre, the interference pattern of the beams is
written through the side of the cladding into the optical fibre core. However,
despite of the transverse access to the core, this technique is very sensitive to the
alignment of the system, and to ambient vibration. Anyway, it was
a breakthrough to use UV pulsed beam, which allows controlling the parameters
of the grating by direct side writing, after the fibre’s plastic buffer has been
temporarily removed. The Bragg wavelength becomes also independent of the
type of the writing laser. The reflection wavelength (Bragg wavelength) of the
grating is selected by controlling the angle 26 of incidence between the two
interfering UV beams, or by tuning the wavelength of the UV radiation:
As=AiNgss /Sin@, where 4; is the UV wavelength used to generate the grating, and
Ness 1S the effective refractive index.

The phase-mask technique was first introduced in 1993, and the concept was
borrowed from the photolithographic process utilized to fabricate integrated
electronic circuits. The substrate of a phase mask is made of quartz or fused
silica. A thin metallic layer can be deposited onto the substrate and periodic
pattern is etched — or, most recently, femtosecond laser pulses are used for
inscription of phase masks [47].

The phase mask plays role of a master grating, which should be transferred to
the fibre. The mask is illuminated with the laser light, and the mask’s
corrugations produce periodic phase change of the light incident on the fibre
core. The quality of the master phase mask determines the features of the
grating: each mask’s imperfection would be reproduced exactly.

The phase mask can also be used in an interferometric arrangement, in which
the UV laser beam is incident normally on the phase mask. On the mask’s
corrugations, diffractive beams in the Raman-Nath regime are created [2]. The
beam of direct transmission (the zeroth-order beam) is cancelled or blocked, so
that most of the optical power is transmitted with the diffracted beams of the + 1
and —1 orders. These two first-order beams interfere on the fibre, placed very
close to the mask (within micrometers), forming an intensity pattern. The period
of the interference fringes is a half of the period of the phase mask. Because the
fibre and the mask are separated by a very short distance (a few micrometers),
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the two interfering diffractive beams generated within the phase mask require a
spatial coherence of the order of a few tens of micrometers, in order to produce
visible interference pattern. The phase-mask method is less sensitive to the
laser’s beam lateral shift and beam-pointing instability than the dual-beam
interferometric technique [2], as well as to vibrations and air fluctuations [84].
There was also a concept of so-called amplitude mask but that device turned out
to be of lesser writing efficiency. The benefits of phase-mask fabrication method
are exposed in so-called Talbot interferometer [47].

In his experiments, a century ago, William Bragg modelled a crystal as a set
of discrete parallel planes, which reflect a beam of light of a selected
wavelength. The same phenomenon occurs when a fibre Bragg grating is
illuminated by a broadband light source. A set of beams, which differ in
wavelength, reflect from a serial arrangement of partially reflecting quasi-planes
formed in the fibre core by the periodic refractive index modulation. The
reflected beams interfere with each other: most of them destructively, but some
beams meet the in-phase condition of constructive interference [222]. The
selected wavelength As can be determined according to Bragg’s law at normal
incidence 1z=2n.A, where ng is the effective index of refraction in the core, and
A is the grating pitch of the index modulation [141]. From this equation it can be
seen that the Bragg wavelength /g can be changed either with a change in the
grating pitch A4 or in the effective refractive index ng. The Bragg’s reflection is a
consequence of the coupling resonance between a forward-propagating core
mode and its coupled backward-propagating version. If the grating design is of
high quality, this reflective coupling exhibits a narrow spectral band, even as
small as 0.1 nm (100 pm). It should be noticed that Az is the centre wavelength
of the reflected band.

Under phase matching conditions, the reflectivity Rg of the “Bragg signal” of
a given mode at the centre wavelength Ag is given by [222]:

Rg = tanh’Qg, (4.9)
aLAnn(V)

B
the index perturbation, and 7(V) is a function of the fibre V parameter that
represents the fraction of the integrated fundamental mode density contained in
the core (V is called “the normalized frequency of the fibre”). The formula for
(X is valid for a cosinusoidal distribution of the refractive index n along the
propagation axis z [141]:

where Qg = , L is the length of the grating, An is the magnitude of

n(z) =n, + An cosZTﬂZ. (4.10)
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The magnitude of the index perturbation An is determined by the fibre
exposure time and the power of the UV radiation; typically An=10°+10". It is
worth noting that Rg increases with L and An.

The sensing properties of fibre Bragg gratings are modelled taking into
account the change in geometry due to strains e=AL/L caused by mechanical
stress o or by temperature change AT, i.e. the strain-induced change in the
refractive index (the photoelastic effect), and the change in the refractive index
due to the temperature change AT (the thermooptical effect). The resultant
change A4z in the centre wavelength for isotropic and homogeneous properties
of asilica fibre is given by [141]:

on on
Adg = 2{1\—fo + Ny a—AJAL + 2(/\6—_;ff + Ny Z—ﬁjm (4.12)

oL oL

on on

Adg =2 A—e“+neﬁa—’\ AL +2 A—eﬁ+neﬁ(p}—A AT . (4.11)
oL oL oT oT
This formula can be rewritten as:
A = Jg[(1— p.)e + (a7 +E)AT], (4.12)
where ¢ is the strain, o =%2—1T\=38—A is the thermal expansion coefficient
. 1 ar]ef'f . . .
of the core material, &= T is the thermooptical coefficient, and
eff

n
Pe Z%ﬁ[plz =V, (P + plz)], where v, is the Poisson’s ratio and py;, P, are

Pockel’s (photoelasticity) coefficients.
The temperature sensitivity coefficient of a fibre Bragg grating sensor is
equal to:
— Aﬂ’BT /ﬁ'B —

Krs T =07 +&, (4.13)

and the temperature sensitivity

Syr = = Krs g - (4.14)

For 1g=1550 nm (laying within the 3" transmission window of silica fibres,
so called “erbium window”), calculated value is equal to Syr=14.2pm/°C.

If the grating is uniform, a precisely defined wavelength from the incident
light that is twice the spacing of the periodic index perturbation would be
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coupled into a reflected beam. This wavelength depends on the optical period of
the grating. The grating’s optical period is a function of the refractive index of
the fibre n, and of the length 4 of the period. Both n and A depend on the
temperature, the strain, and to a lesser extent on the pressure, acting on
a particular fibre core containing an in-fibre Bragg grating. If the fibre is not
exposed to changes in these physical quantities, the grating structure with high
reflectivity (which can reach almost 100 %) on a selected centre wavelength Ag
and a narrow band around it, behaves as an optical filter [18].

The temperature monitoring FBG systems react on the shift in the Bragg’s
wavelength Ag. Under temperature change, the refractive index and the spacing
between the grating’s index perturbances will change. In consequence, the
reflected beam’s wavelengths are shifted, especially the centre wavelength Ag —
and the shift in wavelength is proportional to the change in temperature.

As was described above, the temperature response of FBG depends on the
value of the thermal expansion coefficient o for a given fibre (for the fused
silica 7=0.55-10"°) and the thermooptical coefficient & (for the Germania-doped
silica core £=8.3-10°°) [225].

Around room temperature, the normalized temperature-induced wavelength
change is predominantly dependent on the refractive index change (i.e. on &)
which is about one order of magnitude greater than the effect of thermal
expansion (or contraction). The typical temperature response is ca. 6.8 pm/°C
near 830 nm (“old” window), ca. 10 pm/°C near 1300 nm (O-window) and
ca. 13 pm/°C near 1550 nm (C-window); exact values depend on the type of the
FBG [222].

These data confirm the conclusion to be drawn from the formula above that
greater temperature sensitivity can be obtained by going towards longer
wavelengths.

The fibre-optic grating temperature sensors are relatively short (1 cm or less)
uniform period gratings. That short length limits the reflectivity of the FBG
temperature sensors.

Multi-point temperature sensing is possible with multiple gratings,
multiplexed by an offset in the central reflected wavelength Ag;, all written into
asingle optical fibre. To avoid the errors introduced by non-temperature
guantities (mainly strain), a reference grating should be placed in isothermal
conditions near the sensing FBG [61-62]. The reference grating can be produced
inside the same fibre as is the sensing grating [94].

Another technique is to apply chirped grating which allows measuring the
temperature and the strain simultaneously. The chirped grating’s response to
strain gives a broadening of the shift in the Bragg condition, whereas the
temperature affects only the location of the central wavelength through the
thermooptical coefficient &=(1/n)dn/dT. The independent measurement of
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temperature and strain requires a careful calibration and measurement of the
spectral shift and its broadening [82].

The fibre Bragg grating sensors possess all the advantages of the fibre-optic
sensors; moreover, they offer some additional possibilities. Firstly, FBG sensors
exhibit an inherent self-referencing capability. The information about the
measured quantity (e.g. temperature change) is wavelength-encoded [82].
Therefore, the measurement results are insensitive to fluctuations in the
irradiance of the light source, and the direct encoding in wavelength shift
provides robustness to noise or losses in the connecting fibres and couples.

Secondly, the fibre Bragg gratings fabrication techniques provide versatility,
because they are formed inside the fibre not changing its diameter, and the
in-fibre writing does not depend on the laser’s type [47]. Another advantage of
FBG sensors is the easy multiplexing of the grating along a single fibre, which
opens the possibility for multi-point temperature measurements using
wavelength division multiplexing.

Such quasi-distributed sensors can be embedded in materials (e.g. in
concrete) creating so-called “fibre-optic smart structures” [45]. That technology
allows for monitoring strain and temperature distributions inside a structure
without the wiring harnesses characteristic for electrical sensors.

4.4.1. FBG circuits

An ideal source for excitation of fibre Bragg grating sensor should offer
a broad spectral range, around 3-4 nm per an FBG, with linear output optical
power. After feeding the light from the source into the fibre, the grating
modulates the incident light, and the information about the measurand encoded
in form of a Bragg’s wavelength shift should be detected and extracted. The
wavelength shift can be measured either on reflection or transmission spectrum
of the grating (Fig. 4.8). In the reflection spectrum, a narrow spectral component
at the Bragg wavelength should be detected, and from the transmission spectrum
the same component is missing.

Reflected Optical fibre Trarll_snﬁitted
light ight
spectrum [ Bragg grating spectrum
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—JAL—
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Figure 4.8. The concept of Bragg-grating based sensor system
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There are many detection schemes, both passive and active. Most concepts of
interrogation schemes for FBGs are based on analysing the power reflection
spectrum of the sensor. The scheme is often supported with a peak finding
algorithm which searches for the Bragg reflection peak, with the resolution well
below a picometer [94]. In the case of temperature sensing, the respective
resolution is about 0.1 K.

In order to monitor the wavelength shift of the central Bragg wavelength due
to the change in externally applied temperature, high-resolution demodulation or
interrogation systems are required for the FBG sensors. Optical spectrum
analysers (OSA) are expensive, and the wavelength scanning speed can be too
slow for real-time operation sensing systems. The simplest and most effective
technique for monitoring fibre Bragg grating sensors is performed by measuring
the optical power [18].

4.4.2. Long-period fibre-grating sensors

The long-period fibre grating (LPG) sensors have been developed in 1995,
and initially were used as band-rejection filters in optical fibre communication
systems, but soon (in 1996) it was discovered that these sensors exhibit
temperature- and strain wavelength response coefficients different from those of
fibre Bragg grating sensors. This is due the different operation mode of the LPG
sensors when compared to that of the FBG. Long-period fibre gratings are
fabricated using the “point-by-point” technology [2], which is similar to that
employed to obtain FBG. This nonholographic scanning technique is based on
the use of a high-intensity tightly focused femtosecond laser pulses. A micro-
objective as an amplitude mask has replaced the costly phase mask required for
FBG fabrication. The grating is written directly on the fibre, with the period 100-
1000 um [132], by exposing short sections to a single high-energy pulse. The
fibre is translated by a period A, and the fraction of a higher refractive index is
usually chosen to be A/2.

The length of a long-period grating (LPG) is typically a few centimetres, and
the refractive index modulation is 10™ or greater. This is related to the concept
of coupling the fundamental fibre mode to a higher-order copropagating mode.
For a single-mode fibre, that mode propagates inside the cladding as so-called
“cladding mode”. In terms of the coupled-mode theory [246], the grating period
required to couple two copropagatlng modes can be determined from the

condition imposed on the wave vectors k; and k; : k; —k _mk where m is the
order of Bragg diffraction, k; is the incident light wave vector, k, is the
diffracted light wave vector, and IZg is the grating vector of the magnitude 27/A.

As A=A/An, where An is equal to the difference of the refractive indices of the
two copropagating coupled modes. Usually An<0.01, and 4 is much longer than
the optical wavelength Z [2]. In this sense, the period of LPG is long. Both the
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fundamental and the cladding mode travel forward along the fibre axis, but the
cladding mode(s) can quickly be lost due to scattering and absorption. As in the
case of FBGs, only certain wavelengths are affected. The spectral scattering out
light at a particular wavelength depends on the grating period A, the fibre
refractive index, and the refractive index of the fibre environment. The coupling
can be designed for a shift in wavelength caused by the change in the refractive
index of environment related to achange in temperature. The temperature
sensitivity can be either positive or negative, even —0.34 nm/°C [131]. Usually,
LPG sensor has much larger temperature response than the FBG; currently, the
temperature range 20-200°C is available [270]. The drawbacks of the LPG
temperature sensors are: high sensitivity to bends in the fibre, and longer length
than that of FBG, inconvenient for non-uniform temperature fields along a few
centimetres of the grating.

4.5. Distributed temperature sensors

The optical fibre is sensitive to several external stimuli (like e.g. temperature)
which affect the optical loss inside the fibre. This property offers an opportunity
for sensing various physical quantities along the whole fibre, and both the
location and intensity of the sensed stimulus can be assessed by the
measurement of a localized loss in the core. Moreover, the fibre itself can be
used as the sensor’s connecting wire [142].

In 1981, the first distributed fibre-optic temperature sensor was shown
publicly [255]. Since then, the concept of distributed temperature sensing
optoelectronic devices (DTS) [255] has been considerably developed.
Nowadays, an optical fibre working as a spatial linear temperature sensor can
operate over long distances up to 30 km (even 100 km distances are mentioned),
and DTS systems can locate the temperature to a spatial resolution of 1m. The
measurement accuracy of 1°C can be achieved at a resolution of 0.01°C [255].

The focus of this section is the area of the light scattering-based distributed
temperature sensors, because of their versality and broad field of applications.

A light wave propagating through a fibre interacts with atoms and molecules.
If the wavelength of the incident beam of light is far from the resonance value,
its electric field induces dipoles, which in turn generate a secondary wave in all
directions. This phenomenon is called the scattering of light, and different types
of scattering can be explained through several mechanisms [45]. The Rayleigh
scattering is elastic, so no wavelength shift occurs — but the wavelength must be
much longer than the inhomogeneities of the medium. Both the Raman and the
Brillouin scattering are inelastic. The scattered light of wavelengths longer than
the wavelength of the incident light is called the Stokes component, and the
scattered light of shorter wavelength is the anti-Stokes component (Fig. 4.9).
Therefore, in the spectrum of the spontaneous backscattered light, both the
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Stokes and anti-Stokes Raman lines can be distinguished; the same is true for the
Brillouin scattering [8].

More popular are the sensing methods based on the backscattered light,
because the access to only one fibre end is required. However, the backscattered
light signal is weak, and - in consequence of long integration time - the system’s
response is slow. On the contrary, the forward scattered light-based techniques
need access to both ends of the fibre, but offer a much shorter response
time [82]. For the spontaneous Rayleigh, Raman and Brillouin scatterings, the
input light is linearly proportional to the scattered light and no strong changes
within the fibre material occurs — but the backscattered signal of inelastic
scattering is weak. However, if a threshold value of the incident light power is
passed, the optical properties of the fibre can be modified, and the scattered light
intensity rises proportionally to the incident light intensity taken to a power.
Then the nonlinear effects dominate, and the stimulated scattering occurs [85].

Rayleigh
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Raman Brillouin Brillouin Raman
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Figure 4.9. Spontaneous scattered spectrum for optical fibre (after [8])

The DTS are employed in many applications; for instance [8, 11, 45, 72, 92,
94, 231, 255-256]:

— in measurements of temperature distribution: in boilers or pressure vessels,
in high voltage transformers, and generators;

— in monitoring the temperature of electric transmission cables, and gas
pipelines;

— for fire detection in tunnels and buildings;

— in downhole performance monitoring oil and gas wells;

— to detect hot spots or cold spots;

— in engine health monitoring;

— for icing detection on large structures;

— for process control (e.g. diagnostics on a large reaction vessel);

121



— in long-term curing or drying processes;

— for automatic control of the heating conditions in a furnace;

— for measuring local heating conditions in-situ (small defects within an
optical component can scatter light from the guiding core and induce local
heating in the fibre and surrounding coating or packaging).

The distributed fibre-optic temperature sensors are easy to be embedded in
large structures.

Optical fibres offer unique advantages for distributed sensing. If temperature
measurements are required at many locations, such a distributed sensor may be
more cost effective than individual sensors at each point, especially if
installation costs are also considered. A distributed sensor can replace many
point sensors, and weight and space efficient sensor systems are available [8]. It
only requires one fibre capable of sending and receiving the signal from the
same fibre, and only one monitor is adequate to display local changes in
temperature [11]. Optical fibres, being a one-dimensional distributed measuring
medium, offer the advantages of allowing line integrations and line
differentiations to be performed over any closed path [155]. The line-integrating
property enables the attainment of large sensitivities in measurements by means
of a long path of optical interaction with the measurand [142]. The
line-differential information enables a simultaneous determination of the spatial
and temporal behaviour of the temperature field. Distributed sensors are also
more reliable because they are not subject to the total system breakdown
problem, which might occur when one element in a chain of individual sensors
would fail [82].

4.5.1. Rayleigh scattering-based distributed temperature sensors

The Rayleigh scattering was discovered and described by Lord Rayleigh
(John William Strutt) in 1871. In 1976, a method for determining the optical loss
distribution along an optical fibre was developed. The concept is very similar to
that adopted in radar systems, but the informative signal is extracted from
Rayleigh backscattering light. The method, called optical time-domain
refractometry (OTDR) is still used, often with some modifications. The spatial
resolution of OTDR meter is the smallest distance between two scatterers for an
input pulse width 7 [8]:

Ct

AZ = .
2N

(4.15)

The Rayleigh scattering was chosen as the basic phenomenon, because it is
an elastic scattering process, and no frequency shift is returned; moreover, the
spectral width of the backward pulse lies in the range of MHz. Another reason
for applying the Rayleigh scattering is the domination of this type of light
scattering (96%) in the total optical loss within the fibre. Because of that
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overwhelming participation in losses and relatively strong backscatter signal, the
spontaneous Rayleigh scattering is usually applied. More recently,
Rayleigh-based OTDR systems are replaced by optical frequency-domain
reflectometry (OFDR) systems [224], where a tunable laser is used for scanning
a frequency range AF. Then, using Fourier transformation, a spatial resolution
of:

Az=—2C
2n AF

(4.16)

can be obtained.

In the formulae (4.15) and (4.16), z denotes the coordinate of the axis along
the fibre, c is the speed of light, and ne is the effective refractive index of the
fibre core.

In the process of fabrication of an optical fibre, the molten silica glass is
processed in high-temperature and then cooled. The cooling from the melt
involves thermally-induced nonequilibrium states. At the moment of
vitrification, on the microscopic scale, the silica fibre exhibits localised
disordered areas, which are “frozen” into the glass structure [142]. The random
ordering of molecules and fluctuations of chemical composition (caused by the
presence of dopants) result in small localised density variations, which in turn
cause random fluctuations of the profile of the refractive index along the fibre,
acting as distributed weak fibre Bragg gratings with a random period. Broadly
speaking, such structure is related to entropy fluctuations.

If the intensity of the light that travels along the fibre core is low, and the
wavelength 2 of this light is long when compared to the spatial variations in the
refractive index of the core, a spontaneous scattering process occurs (stimulated
Rayleigh scattering can be employed in lasers [275]). The incident light excites
the small-scale inhomogeneities in the fibre. The excited localised micro-areas
act as secondary induced dipole emitters, which generate radiation in a wide
angular spectrum. The light is scattered in all directions at random; this
phenomenon is known as the spontaneous Rayleigh scattering. There is also
another scatter mechanism called the Rayleigh wing scattering, but it arises from
the fluctuations in the orientation of anisotropic molecules.

As the scattered Rayleigh light propagates in all directions, a part of it passes
into the fibre cladding (the cladding modes) where it extincts, and another part
of the light leaves the fibre altogether (the extracladding modes). The rest of the
incident light, when passing through the localised variations intensity and the
refractive index, gives rise to the Rayleigh scattering, which causes attenuation
of the forward-propagating light [239]. Finally, the part of the incident light
which is either reflected back inside the core or re-captured by the waveguide
and sent in the backward direction, creates the backward-propagating wave.
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The scattering loss is referred to as Rayleigh loss, and decreases
monotonically with 4; for 1 <1.2 um the loss is proportional to A [72]. The
most common formula describing the energy loss due to the scattered light is
given by [85, 91]:

a :3—n p’ksT 3, (4.17)

where n is the refraction index, p is the average photoelastic coefficient of the
glass, kg is the Boltzmann’s constant, £ is the isothermal compressibility, and T;
represents the temperature at which the density fluctuations are “frozen” in the
material; below T; no further structural relaxation can occur in the glass. The
changes of T; depend on the glass viscosity and the cooling rate; for annealed
pure silica, T=1170°C. A simplified formula [254]:

a, =87°(n* —~1)kgT; B/32* (4.18)

can also be applied.

The Rayleigh scattering is a linear process in that the scattered power is
simply proportional to the incident power. For a homogeneous fibre placed in
uniform ambient conditions, the backscatter intensity due to intrinsic loss in the
fibre exhibits an exponential decay with time. If a pulse of duration 7 conveys
the peak power P, fed into the fibre, the backscattered power P(t) detected at
a time delay t can be expressed as [254]:

P,(t) = Pox(l—K)Dry(z)exp{— j Zay(z)dz} , (4.19)
0

where z=% is the coordinate of the forward-propagating pulse during
¢}

generation of the detected backscatter signal P/t); a/z) is the Rayleigh
scattering coefficient, and ny is the group refractive index of the fibre core; D is
the length of the optical pulse in the fibre, and r,(z) is the effective backscatter
reflection coefficient per unit length (accounts for the Rayleigh backscattering
coefficient and the numerical aperture of the fibre); x stands for the power
splitting ratio of the input fibre coupler.

A change in external temperature can thermally induce a change in the
localized Rayleigh scattering, which in turn can cause a change in the locally
reflected spectrum. Because the density variations are “frozen” inside the glass,
the Rayleigh scattering varies very little with temperature of the glass;
correspondingly, in conventional solid core silica fibres the temperature
influence is poor. In liquids and liquid-core fibres, the temperature coefficient of
Rayleigh scattering rises significantly from real-time thermodynamic
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fluctuation, and the refractive index is much more strongly dependent on
temperature. The backscatter coefficient r/z) is temperature-dependent, but the
microscopic variations in the refractive index of the core are essentially frozen in
place. The first Rayleigh scattering-based distributed temperature sensor which
was demonstrated in 1983, utilized the temperature-induced rise in the refractive
index, as well as the increasing scattering loss «,(T) resulting from thermal
agitation inside the liquid core (hexachlorobutadiene). The formula describing
a(T) in liquid core is identical with that for «, in solid core, except for
substituting the Ty with the absolute temperature T of the liquid. The thermal
agitation of liquid molecules results in much higher sensitivity [91].

In sensing local temperature with an optical fibre, the interference with the
signal from reference fibre length is applied. Another technique is based on the
coherent Rayleigh scatter patterns. Generally, the spatial accuracy of Rayleigh
scattering-based DTS is below 1m [82], and a 1°C resolution can be
achieved [70]. The Rayleigh scattering can also be used in temperature sensing
system which employ Brillouin scattering [44].

4.5.2. Raman scattering-based distributed temperature sensors

The phenomenon called Raman scattering was predicted by C.V.Raman in
1922, and discovered in liquids only in 1928. The concept of the
Raman scatter-based fibre-optic distributed temperature sensing was pioneered
by the oil and gas industries in the mid-1980s [92], and developed into
commercially available instruments adapted either to standard single-mode or
multi-mode fibres, in the late 1980s.

The silica optical fibres are made from doped ultra-pure quartz glass, i.e.
silicon dioxide SiO,, with amorphous solid structure. The atoms and molecules
of that structure are incessantly vibrating with their characteristic frequencies.
Most of the photons of the light pulse of the frequency 1 propagating along the
fibre are scattered elastically on the inhomogeneities within the fibre core
structure. This Rayleigh scattered light is sent at random in all directions without
any frequency shift. However, a small part of the scattered photons (one in ten
million, in average) is subject to inelastic interaction with the thermally vibrating
molecules and atoms of the core. The photons scattered on the molecules exhibit
shifts in frequency, which can be explained by quantum mechanics [8].

The state of the molecules varies between two vibration energy levels, the
occupation of which is governed by the Bose-Einstein phonon distribution. If
an energy level of a molecule after the interaction with an incident photon is
higher, the Raman Stokes scattering has occurred. The emitted Stokes photon
has a lower frequency v,—Av because the vibration of the molecule increased by
a phonon energy, which for vitreous SiO, is about 50 meV. Analogically, if the
energy level of another molecule has dropped of about 50 meV after the inelastic
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interaction with another photon, a Raman anti-Stokes photon of the frequency
W+ Avis emitted [84].

The Stokes transitions are more frequent than the anti-Stokes ones, and in
consequence, the intensity of the Stokes line in the spectrum of spontaneous
Raman scattering is higher than the anti-Stokes line — but the probability for the
anti-Stokes transitions increases with temperature much stronger than for the
Stokes transitions [58].

In fact, the Raman spectral band consists of many separated narrower bands
due to the electronic vibrations resulting from the excited molecular rotation or
reorientation [8]. The intensity of the spontaneous Raman scattering is linearly
proportional to the intensity of the incident light, and is directed at
random [170]. The magnitude of the Raman lines in the Ge-doped silica fibre is
higher due to Raman scattering coefficient of the molecules of germanium. The
central frequencies of the Raman Stokes and anti-Stokes lines can be assigned to
the characteristic vibrational frequencies of the given molecules. For fused
silica, the frequency shift Av=13.2 THz, and the corresponding wavelength shift
is Avic=440 cm™ (c is the speed of light in vacuum); for high Ge-doped fibre,
AVIc=400 cm™,

In the single-end Raman reflectometry configuration, a short (10-15 ns) laser
light pulse of a few watts power is launched into the fibre, and the returned
signal is divided through a wavelength-division multiplexer to three receivers: of
the Rayleigh, Raman up-shifted (Stokes) and Raman down-shifted (anti-Stokes)
wavelengths, respectively [11]. The width of the reflected pulse is a few tens of
microseconds, so the frequency of the pumping laser pulses can achieve several
kilohertz. Because the received signals are relatively weak, long integration
times up to 80 s are needed for large numbers of signal averaging cycles (ca.
10°-10°) to reduce the S/N ratio.

Because the Raman anti-Stokes component exhibits significant temperature
dependence, and the Raman Stokes backscatter is much less sensitive, the ratio
of the intensities R, of these two components can be employed for determining
the absolute temperature T in any portion of the optical fibre, from the

formula [48]:
4
[ 4 _hAV
R, (T)—( lasJ exn[ kBTJ, (4.20)

where As and /s are the measured Stokes and anti-Stokes wavelengths, Av is the
frequency shift from the pump laser frequency, h is Planck’s constant, and kg iS
Boltzmann’s constant.

Such ratiometric method is independent of common-mode factors such as
optical fibre loss and splice loss (to the first order, at least), the laser power
fluctuations, the launch conditions, and the composition of the fibre. However,
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when long lengths of fibre are involved, the result of measurement should be
corrected for the differences in the fibre attenuation at As and A,s. The extended
formula taking into account the spatial distribution of temperature along the fibre
(the z coordinate) and the abovementioned correction, is written as [241]:

4 z
A hA
R, (T,2) :(TZJ exp{— T (VZ ) —{(a;@s(é) —ag (4))df;} . (421)

where a;s and a,.s are the respective fibre attenuation coefficients.
The explicit formula for the temperature distribution, including the term
responsible for the differences in detector sensitivities, is given by [256]:

T(zt) = L , (4.22)
In[ R +C(t)—jAa(z')dz']

PaS(th)

where z is the distance along the fibre with z=0 at the DTS instrument.
Ps(z,t)/Pas(z,t) is the measured ratio between the power of the Stokes and anti-
Stokes backscatter reaching the instrument. The integral in the denominator is
called “cumulative differential attenuation”. The numerator y (in K) is often
treated as a constant for a given DTS system representing the shift in energy
between a photon at the wavelength of the incident laser and the scattered
Raman photon. The term C(t) accounts for differences in effective detector
sensitivities with respect to Stokes and anti-Stokes photons. The term Aca(z)
represents the differential attenuation of the Stokes and anti-Stokes

z
backscattering along the cable. The integral IAa(z')dz' simplifies to Aa-z when
0
the value of Aa(z) is constant, i.e. the differential attenuation is uniform along
a cable. Then, for stationary signals, the formula takes
a simplified form [92, 256]:

T@=—5p /4 . (4.23)
In 322 4+C-Aa-z
P.s(2)

An approach that omits partly the problem of discrepancies between a,s and
as, 1S the evaluating of the temperature value from the ratio of the Raman
anti-Stokes power P,s over the Rayleigh-backscattering power Pgrsy, Which is
proportional to the absolute temperature [17, 269]:
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The accuracy of T measurements cannot be improved by stronger pump laser

pulses, because there is a threshold optical power, which for single-mode fibres
is given by [85]:

P =5.9-107d?2 A, (4.25)

where d is the fibre core diameter in pum, 4, is the pump laser pulse wavelength
in um, and A is the fibre attenuation in dB/km. The power P is expressed in
watts.

Above that threshold power R, the stimulated Raman scattering region
begins, where temperature sensing cannot be performed, since the temperature
signal is buried in the stimulated Raman signal, and the anti-Stokes energy is
transformed to the Stokes signal.

4.5.3. Brillouin scattering-based distributed temperature sensors

Although this type of radiation scattering was predicted by Leon Brillouin in
1922, it was discovered experimentally only in 1930. In bulk silica the Brillouin
scattering was first demonstrated in 1950, but the Brillouin scattering-based
approach towards the temperature sensing was developed only in the 1990s.

On contrary to the Raman, the Brillouin scattering-based DTS are sensitive to
both temperature and strain, and cross-sensitivity problems must be dealt with,
because they change the band intensity and the Brillouin frequency shift.

In the distributed temperature sensing applications, both spontaneous and
stimulated Brillouin regimes are applied. As in the case of the Raman scattering-
based sensors, there is no requirement of special fibres, but the measuring
devices are quite complex and expensive [142]. Distributed hybrid Raman-
Brillouin sensing is also investigated [240].

Among others topics, Brillouin studied the propagation of monochromatic
light wave and its interaction with acoustic waves, and concluded that such
interaction must result in scattering of light with a frequency change. The
physical causes of this are the collective acoustic oscillations of the fibreglass
structure; these collective repeating cyclic motions of the molecule lattice are
called acoustic phonons (and are analogous to oscillations of an imaginary
moving grating). These microscopic movements of molecules about equilibrium
positions can be described using macroscopic thermodynamic parameters:
density, pressure, temperature, and entropy. Local changes of these parameters
(mainly density and temperature) induce local variations in the dielectric
constant related to the electrostriction constant. The adiabatic density
fluctuations correspond to pressure waves, which are the same as acoustic
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waves. The acoustic wave can be described by a partial differential wave
equation, which has a solution returning the values of the wave’s resonance (i.e.
constructive interference) frequencies [8].

The spontaneous Brillouin scattering has the advantage that single-end
configuration of the DTS is sufficient, because access to only one end of the
fibre is necessary [184]. The drawback of this type of scattering is weak
backscatter signal, two orders of magnitude lower than the Rayleigh backscatter
signal (but still one order higher than Raman backscatter intensity).

If thermal excitation of acoustic waves (i.e. phonons) in the fibreglass takes
place, the scattered light undergoes a Doppler frequency shift and exhibits
maximum scattering in the backwards direction. The frequency shift is expressed
as [129, 141, 161]:

_2nv,

Vg : (4.26)

Ap

where n is the refractive index, va is the acoustic velocity in the fibre, A, is the
pump wavelength. This shift is approximately three orders of magnitude smaller
than for Raman scattering, because the phonon frequencies involved in Brillouin
scattering are much smaller (ca. 10 GHz). The range of Brillouin frequency shift
is up to 500 MHz, and the sensed temperature values are within the range 180-
600 K (broader than for Raman scattering-based systems) [184].

The Brillouin power Pg can be calculated as a function of temperature [212]:

AT

2 1
Vg

P (4.27)

where 13 is the Brillouin frequency shift, and A, is a constant which can be
determined from a measurement made for the known temperature. This power is
linearly dependent on temperature, but its values are small in comparison with
the Rayleigh backscattered power; hence, the temperature measurements are
usually based on the frequency shift vs. temperature relationship, which is
expressed as [226]:

ve(T)=vg (T ) +Cr (T —Try), (4.28)

where T, is a reference temperature, and Cy is the temperature coefficient of the
Brillouin frequency shift (for conventional single-mode fibre, Cr=1.1 MHz/°C at
the 1.5 um wavelength range). The peak of the Brillouin anti-Stokes moves
toward higher frequencies when temperature rises; simultaneously, the shape of
Brillouin gain spectrum becomes narrower.

In order to improve the separation of the Brillouin from the Rayleigh signal,
the stimulated Brillouin scattering is applied. That type of Brillouin scattering
was first observed in 1964, and from the early 1990s has gained interest of DTS
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researchers. The stimulated Brillouin scattering (SBS) requires the access to both
ends of the sensing fibre, or provision of an end-reflection. The second condition
for operating the nonlinear backscatter regime is to increase the laser pulse
power density above the threshold Brillouin power Pg, given by [84]:

P, =4.4-10°d*#Av, (4.29)

where d is the fibre core diameter (in pm), 4 is the laser’s wavelength (in pm), A
is the fibre attenuation (in dB/km), and v is the bandwidth of the injection laser
(in GHz). The power Pg is expressed in watts. In the case of SBS, usually a few
tens of milliwats is enough to considerably increase the intensity of the Brillouin
Stokes. The typical configuration of a DTS system based on SBS comprises
a pumping pulse light at one end of the fibre, and a CW probe light launched
into the opposite fibre end [14].

The interaction between two counter-propagating optical fields and an
acoustic field can provide the Brillouin Stokes peak in the returned spectrum as
high as the Rayleigh peak. The stimulated Brillouin scattering-based DTS
enables to determine the temperature profile with a spatial resolution of 5 m, and
the temperature resolution of 1°C, over a sensing fibre length of 22 km [226].
The stimulated Brillouin scattering can also be employed in lasers [65].

4.6. Photonic crystal fibre temperature sensors

Low-loss conventional optical fibres have appeared very attractive for
telecommunications and sensing applications; however, the properties of silica
impose some limitations on this technology, which hamper freely engineering of
fibre’s inherent losses, birefringence and other optical characteristics. Also, the
manipulating on optical signals in standard optical fibres often requires an
intermediate conversion into an electrical signal which after necessary
transformations must be converted into optical form again [59].

The photonic crystal fibres (PCFs) with solid core at the centre were
developed in 1996, and the structure with hollow core — in 1998. The
microstructure of PCFs exhibits a periodic arrangement in form of (usually
hexagonal) lattice of air holes over much of the cross-section of a silica fibre.
The air holes run along the entire length of the fibre creating a kind of cladding
around the fibre core (or several cores). The hollow-core PCFs exhibit a negative
difference of the core-cladding refractive indices which rules out its operating
via total internal reflection principle. Nevertheless, a thoroughly designed
cladding of periodically distributed array of air holes can produce photonic gaps
which allow the reflected modes to be guided along the entire length
of the fibre [244].

Both physical and chemical PCF-based sensor designs are available, which
enable sensing the curvature (bend), displacement, strain, electric and magnetic
fields, temperature, pressure, torsion (twist) [208], refractive index, vibration,
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and gases like methane or acethylene. Also, hybrid fibre-optic sensor systems
based partly on photonic crystal fibre are developed (e.g. [221, 273]). In recent
research on PCF-based temperature sensors, the filling of the air holes with
various liquids is applied: either of the cladding air holes (some of them) or the
hollow core. The filling can be performed using pressure, or utilizing capillary
action. The infiltrated segment of PCF is several centimetres long.

In high-temperature sensing applications up to 1000°C, the conventional Ge-
doped optical fibres exhibit loss of properties because of the out-diffusion of Ge
into the fibre cladding. Instead, short length of photonic crystal fibre can be
spliced to a standard optical fibre creating a two-mode interferometer, because
the PCF section undergoes multimode excitation. The wavelength shift about
0.01 nm/°C is observed [42].

A similar design based on intrinsic Fabry-Perot interferometry is obtained by
splicing a section of so-called endlessly single mode PCF to a conventional
single mode optical fibre (SMF) (Fig. 4.10). The temperature sensing is based on
the thermally-induced change in the length of the cavity formed within the PCF
section, which is much longer than the cavity formed in the end cap of a short
section of SMF. The reflectivity of all reflecting surfaces is assumed to be low;
that simplifies the analytical description of that design as a low finesse intrinsic
Fabry-Perot interferometer. The relationship of cavity length change vs.
temperature is linear, with temperature sensitivity slightly over 4 nm/°C. This
design allows simultaneous measurement of temperature and refractive index of
the liquid into which the sensor is immersed [223].

Single Mode Fibre Photonic Crystal Fibre End cap

Air-holes :
Light

Core = S Core

Figure 4.10. A PCF-based interferometric temperature sensor (after [223])

Another design of a high-temperature sensor based on modal interferometric
technique is described in [207]. A 40 cm long portion of a nonlinear photonic
crystal fibre was spliced between a multimode optical fibre on one side and
a single mode fibre on the other. Then, broadband spectrum light was injected
into the multimode fibre. Because of the core diameters mismatch, both core and
cladding modes of the PCF are excited. These modes travel forward with
different velocities and an interference pattern due to phase shift between the
excited modes is transmitted through the SMF to an optical spectrum analyser.
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The change in wavelength AL per one degree Celsius is 0.073 nm, and AA
dependence on temperature is quasi-linear.

The concept of fabricating conventional optical fibre with a core filled with
liquid is known for over two decades (e.g. [68]). However, since 2003, a new
research trend has emerged; as the liquid medium to infiltrate the air holes in
photonic crystal fibres, liquid crystal materials have been applied [127, 262].
This novel class of microstructured fibres is called photonic liquid-crystal fibres
(PLCFs) and is expected to advance the tunability level of holey PCFs.

If the cylindrical tubes in the cladding along the PCF core are filled with
liquid crystal (LC) material, the thermal, optical and electrooptical properties of
the cladding can be controlled by influencing the alignment of the LC molecules.
The details of handling with liquid crystal alignment configurations in capillaries
within the diameter range 8-25um are described in [38]. Recently, the principle
of modal interferometric technique was applied in a PLCF-based modal
interferometer [194], which is an improved version of the concept of the
PCF-based modal interferometer with a coating made of an LC material.
A 17 cm long section of a photonic crystal fibre was infiltrated with an LC
material, firstly by employing capillary action, and then high pressure air was
used to push the LC molecules along the full length of the microsized air
channels in the PCF. Next, the obtained portion of PLCF was spliced between
the end faces of two standard telecommunications single mode optical fibres.
During the splicing process, at both ends of the PLCF piece small regions with
fully collapsed air holes were produced.

When the light propagates through the SMF, it diffracts on the collapsed
region, and in consequence, in the PLCF segment higher order modes are
excited. The phase velocities of the higher order modes differ from the phase
velocity of the fundamental mode because of the difference in the effective
indices between the modes. A relative phase difference between the fundamental
and higher order modes occurs, and an interference pattern related to this phase
difference occurs at the interferometer end.

In the PLCF interferometer, the fundamental and the second order modes are
the strongest and exhibit relative phase difference, which can easily be extracted
from the interference pattern visible in the measured power spectrum.

The analysis of the power spectrum interference pattern is performed by
tracking the value of the free spectral range (FSR), which is
given by [141, 194]:

/12

FSR= ,
Ang L,

(4.30)

where 4 is the length of the guided light, L, is the length of the PLCF segment,
and Ang; is the difference between the effective refractive indices of the
fundamental mode and the second order mode: Anes=n;—n,.
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FSR is interpreted as the spacing in wavelength between two successive
transmitted maxima of the optical power, obtained using optical spectrum
analyser connected to the second end face of the SMF segment guiding light
from the PLCF.

The experiments have shown that the transmitted spectra from the PCF-based
interferometer (without LC) obtained for different temperatures, do not exhibit
any wavelength shift, whereas the transmitted spectra from the PLCF-based
interferometer (with LC in holes) gives a wavelength shift into the lower
wavelength region. The temperature sensitivity is 0.23 nm/ °C, and can be
explained by the temperature-induced decrease of the initial planar alignment of
the LC molecules; in consequence, the effective refractive index of the LC
changes [194].

Summary

Over the past two decades, an immense progress in the field of fibre-optic
temperature sensors has been made. Various types of new grating sensors (e.g.
the long-period fibre grating-based [LPG] sensors) have emerged, parallel with
improved constructions of sensing-oriented fibres (e.g., the sapphire fibre core
for ultra-high temperature measurements), and of the components of fibre-optic
temperature sensor systems: lasers, diodes, couplers etc. More recently, tendency
to combine various types of fibre-optic sensors in hybrid systems, e.g. Bragg
gratings with Fabry-Perot interferometers, can be observed. Another trend is to
expand the measurement range of different types of fibre-optic temperature
sensors, towards both ultra-high range and cryogenic temperatures. In the unique
area of distributed fibre-optic sensing, research is focused on improving both the
spatial and temperature resolution, simultaneously extending the length of the
sensing fibre, and reducing the required time of measurement. Great
expectations are connected to the newly emerged PCF-based temperature
sensors, and especially to their modifications containing liquid crystal
materials — the PLCF sensors.
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5. Liquid crystal-based temperature sensors

The design of liquid crystal-based temperature sensors involves application
of new liquid crystal (LC) materials, or new sensor constructions. In order to
realize useful LC temperature sensors, LC materials have to possess appropriate
material parameters. These parameters can be predicted if the properties of LCs
and the influence of various factors on them are known. To understand the
feasibility of employing certain LCs in the field of temperature sensors, the main
types of LCs and their properties, parameters and characteristics should firstly be
presented. The emphasis is put on describing these properties, which should be
considered while designing an LC-based temperature sensor.

5.1. Liquid crystals: classification, properties and characteristics

The short historical note for the earliest investigations on liquid crystal
materials is given below.

Julius Planer, Friedrich Reinitzer and Otto Lehmann are mentioned among
the first researchers of liquid crystals. It should be noted that Planer worked at
the Lviv (called Lemberg at that time) University, Ukraine [250].

1861 — Julius Planer, Notiz iiber das Cholestearin, Annalen der Chemie und
Pharmacie 1861, 118, 25-27 (the first documented observation of the
thermotropic liquid crystal and its phase behaviour).

1880 - Friedrich Reinitzer, Beitrige zur Kenntnis des Cholesterins,
Monatshefte fiir Chemie, 1888, 9, 421-441 [Reinitzer investigated a derivative of
cholesterol (cholesteryl benzoate)].

1889 - Otto Lehmann, Uber iessende Kristalle, Zeitschrift fur Chemie,
462(4), 1889 462-472. (Lehmann first suggested the term “liquid crystals™; he
performed systematic study of liquid crystals as the intermediate phase between
solid and liquid states).

1922 — Georges Friedel, Les états mésomorphes de la matiére, Ann. Phys.
18:273-474 (1922) [Friedel preferred to use the term “mesophase” (Greek:
mesos = between, and phasis = state) but not “liquid crystal”. He classified
liquid crystals into nematic, cholesteric and smectic].

Then, it is acknowledged that liquid crystal materials (or mesophases) were
classified by G.Friedel into three main classes. The cholesteric phase now is also
called “the spontaneously twisted” or “chiral nematic” phase. At present, more
than fifty liquid crystal phases are known. In recent papers, the term “mesogen”
is used for liquid crystal materials (e.g., of rod-like molecules materials).

LC phases occur both in natural and synthetic materials. Depending on the
method of liquid crystal formation, the thermotropic and lyotropic LCs are
distinguished. Thermotropic LC phases are obtained from pure material or
mixtures by cooling or heating. Lyotropic (solvent-induced) LC phases are
formed from crystals with amphiphile and solvent (by surfactant solutions). The
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nematic, chiral-nematic (cholesteric) and smectic liquid crystals belong to
thermotropic LCs [83].

The thermotropic liquid crystals change their colour with temperature
change. This peculiarity of liquid crystals can be applied for visualisation of the
surface temperature changes. It is important in the cases when the other types of
temperature sensors (e.g. thermocouples or infrared thermography) cannot be
employed. The thermal field visualisation can be qualitative (observing the
colour change) or quantitative (calibrating the thermal field with a thermocouple
operating over a given range of temperatures) [7]. Although the measurements
are relatively fast, the accuracy of the temperature measurements using liquid
crystals is strongly dependent on the calibration. One of the advantages of liquid
crystal application for thermal visualisation is the possibility of mapping the
temperature field (on contrary to thermocouples, where measurements are
conducted in asingle point) [196]. In the application of the LCs for thermal
measurements, the factors of external influence should be considered.

Contrary to liquids, the crystals may be characterised by some degree of
orientational (the molecular axes are oriented in specific directions) or positional
(molecules occupy specific states in a lattice) orders (or by the absence of the
latter). LCs can be classified not only by orientational and translational orders,
but also by bond-orientational order (the degree of parallelism of axes over large
distance), chirality and dipolar order [158]. To characterise the displacement of
the molecules in LC, aunit vector i is applied. The vector i is known as
a “director” because it defines the direction of the dominating orientation of the
long molecular axes. The investigated parameters of LCs are marked by
subscripts || (means “parallel to director direction”) and L (means “perpendicular
to director direction”).

In order to characterise the orientational order of molecules, the order
parameter S is used:

s =%<3cosz6’—1> , (5.1)

where @ is the angle between the long axis L of individual molecule and the
director’s fi direction; the angle brackets < > denote “average”. The parameter S
ranges from 0 to 1; S=0 corresponds to the complete orientational order when the
directions of long axes of molecules and director are the same =0 (for ideal
crystals); S=0 when <C082 9> =1/3 which corresponds to orientational chaos (for

isotropic liquid).

Liquid crystalline order is very attractive for obtaining new functional
materials. In these materials, the liquid crystal-generated permanent order can be
made via polymerization, gelation or glass formation. For example, thermotropic
liquid crystals can be applied as templates for developing a solid, either by
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polymerizing the liquid crystalline phase or by polymerizing another material
inside the liquid crystal. Also the liquid crystalline sample such as aregular
array of defects, which can then be used for e.g. the positioning of nano- or
microparticles over large areas, can be prepared [163].

According to their molecular structures, LCs can be divided into different
types, for example, calamitics (from ellipsoid rod-like molecules), or discotics
(from disk-shape molecules). The calamitics may be nematic or smectic LCs;
discotics may be nematic discotic or columnar discotic LCs. The materials
composed of the molecules which exhibit arod- or disk-like shapes, are
characterised by both calamitic and discotic phases, and are known as
phasmidic.

The schematic representation of molecular arrangement and director
orientation in nematic (N), smectic (S) and cholesteric (Ch) phases is shown in
Fig. 5.1. From this picture it can be seen that in the nematic phase exists only
orientational order, and no sign of translational (positional) order can be noticed.
The smectic phase exhibits mainly orientational, and some translational order (in
the direction perpendicular to the layers). There are many smectic phases, which
are characterised by varying degrees of bond-orientational and translational
order (for example, SmA, SmB, SmC). In cholesteric liquid crystal, the
molecular orientation repeats for 0.5 pitch length (the helical pitch p, i.e. the
period of the twist, corresponds to the director rotation through full angle (2x).

The chiral-nematic (cholesteric) phase can be formed in liquid crystal
containing chiral (without mirror symmetry) molecules, and in nematic liquid
crystal with small concentrations of chiral additive. One can distinguish a few
types of chiral-nematic (cholesteric) materials: the cholesteryl derivatives, the
chiral nematics and nematic-chiral mixtures (i.e. nematic-cholesteric mixtures:
nematic+cholesteryl derivative, the nematic-chiral nematic mixtures, the induced
cholesterics: nematic+optically active additive). The chirality is the necessary
condition for the appearance of cholesteric phase. Chirality can be defined as
2n/p, where p is the pitch. The degree of molecular chirality depends on the
helical pitch, which can vary from about 0.1um to values close to infinity. For
cholesteric LCs, the pitch lengths are in the range of 100 nm...100 um. The
helical structures may be left-handed or right-handed, depending on the
molecular stereochemical structure. It should be noted that a mixture composed
of two cholesterics of opposite sign of helical twist forms a nematic phase. In
order to form undistorted helical structures, the surface influence on the
structures should be considered. The low values of the surface energy and elastic
constants K,,/Ks; are required for formation of such helical structures [120]. The
helical structure can be stabilised using polymers.
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Figure 5.1. Schematic representation of molecular arrangement of rod-like molecules in the
(a) nematic, (b) smectic (SmA), and (c) cholesteric phase

Let us consider one more example of mesophases - the blue phases, which
possess distinguishing properties. The scientist who first described blue phases
was Friedrich Reinitzer. These phases are called “blue” because of the transient
blue colour of the isotropic liquid of cholesteryl esters. The temperature span in
which the blue phases exist is narrow, and covers arange of afew degrees
Celsius. For example, the BPIII temperature range is very narrow (<0.05 °C).
The blue phases are the transient phases between the isotropic and chiral nematic
(cholesteric) phases of sufficiently small pitch, and can occur in highly chiral
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liquid crystals. The pitch of cholesterics is important for the existence of the blue
phase: it should not exceed a critical value p, in order to allow the blue phase to
occur. As chirality increases, the three blue phases appear in the sequence: BPI,
BPII, and BPIII. It should be noted that the phase BPIlI occurs only over
alimited chirality range in the materials of a very short helical
pitch [40-41, 237], while the phases BPI and BPIIl have no such limitation
(Fig. 5.2). The helix pitch has adirect influence on the stability of the blue
phases [237, 263]. The critical pitches of the liquid crystal material are
dependent on its molecular structure and composition. The schematic phase
diagram showing the variation of blue phase polymorphism is depicted in
Fig. 5.3.
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Figure 5.2. Generic phase diagram showing temperature 3 versus chirality g for blue phases [43]

0.6
PIII

BPII
04—

\\\iso

AII°C]

(e
v

P, P, P

c

Figure 5.3. Schematic phase diagram showing the variation in blue phase polymorphism [237]
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The chiral phases exhibit a helical structure of the director field. The director
twist can be oriented in one direction (as in cholesteric phase) or in two mutually
perpendicular directions (as in blue phase). The double director twist is related to
the appearance of defects in the director field. The blue phases exist if the energy
cost of double twist is higher than the energy needed for defect formation.

The blue phases are thermodynamically stable, ordered defect structures. The
phases BPI and BPII have body-centered-cubic and simple cubic symmetry
(defect structure), respectively. The phase BPIII has the same symmetry as the
isotropic phase: amorphous with alocal cubic lattice structure. In order to
observe the blue phases, one can employ the polarized reflection microscopy
with precise temperature control of the LC. It should be pointed out that the
colour of the blue phases should not only be blue; for example, phases BPI and
BPII are brightly coloured, and the phase BPIII is dull gray coloured.

Since blue phases have three-dimensional cubic structure with lattice periods,
they are characterised by the selective light reflection within the range of visible
light at certain temperatures. The blue phases can be considered as anisotropic
photonic crystals, which exhibit small value of the refractive index contrast.
During the phase transition between the cholesteric phase and the blue phase, the
phenomenon of thermal hysteresis can be observed. It should be mentioned that
the cholesteric and blue phases could stably coexist at room temperature [258].

Liquid crystals are characterised by anisotropic mechanical, electrical,
magnetic and optical properties [163]. Let us now consider these properties.

There are three types of deformations in LCs: the splay, the twist, and the
bend, which can be characterised by elastic constants of LCs (Fig. 5.4). The
elastic constants K;, K, and K; correspond to these deformations (the splay, the
twist, and the bend, respectively). The elastic constants are proportional to the
order parameter. The elastic parameters of LCs in both splay and twist relaxation
modes are not only temperature depend but also depend on pretilt angle [126].
The elastic constants for LC materials (e.g. cholesteric-nematic mixtures) can be
determined using the method described in [159].

Splay £, Twist k,, Bend £,

Figure 5.4. lllustration of the splay, torsion (twist), and bend deformations in LCs
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The dielectric anisotropy 4e of LCs is given by the following expression:
Ae=gi—&l, (5.2)

where &, and ¢, are dielectric permittivities in the directions parallel or

perpendicular with respect to the director direction. The dielectric anisotropy can
be positive (Ag >0, the molecules of LC are oriented along the direction of the
electric field strength vector), or negative (Ag <0, the molecules of LC are
oriented perpendicularly to the direction of the electric field strength vector).
The parallel or perpendicular orientations are caused by the dielectric torque
acting on the director, which depends on the electric field strength and the
electric dipole moment induced in the LC.

Thus, one should consider the influence of both dielectric and elastic
properties of LCs if the electric field is applied. Depending on the electric field
strength, the initial director orientation may be stable (in weak fields, the most
important are the elastic properties, which do not allow the director orientation
to change) or may as well be changed (in strong fields the main contribution to
the director orientation is from dielectric properties).

The expression for the magnetic anisotropy is similar to that for dielectric
anisotropy:

Au=pu—p, (5.3)

where u, and w, are magnetic permeabilities in the directions parallel and
perpendicular with respect to director.
The optical anisotropy (birefringence) Anof LCs is expressed as follows:

An=n,—n,, (5.4)

where n, and n,are the indices of the extraordinary and ordinary refraction,
respectively. These indices characterise the light wave spreading when electrical
vector is perpendicular (n,) or parallel (n,) to the optical axis. In nematics, the

optical axis and the director are oriented in the same direction. The anisotropy in
nematics can be described in the form:

An=ne—Ny,=n;—n,. (5.5)

An important question is the alignment of LC molecules in the sample; it
depends on the surfaces of the cell, and can be homeotropic (when A is
perpendicular to the substrates) or planar orientation (when i is parallel to the
substrates). The LC material is investigated in the cell placed between crossed
polarisers; all areas where director is parallel to one of the polarisers become
black. The optical methods for investigation of oriented structures using crossed
polarisers are called optical conoscopy [12, 27, 209]. In this method, the
conoscopic pattern is seen after passing of the convergent (cone-shaped) light
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beam through the LC cell placed between the crossed polarisers. The
information obtained from conoscopic investigations can be used for designing
new devices [174, 177] or for developing new techniques for structure
orientation identification in anisotropic environment [175, 268]. In [25] the use
of optical conoscopy to discriminate between different phases (for example,
uniaxial and biaxial LC phases) is described.

Temperature is the main factor affecting all abovementioned LCs properties.
It should be mentioned that the LC phase exists only within a certain
temperature range characteristic for a given LC material. For the thermotropic
LC considered in this book, one should differentiate such phase transition
temperatures as the melting point T, of the crystalline solid, the clearing point
T., the transition into an isotropic liquid (when LC scatters light, and the
isotropic liquid is clear), and the liquid crystal-isotropic phase transition T;
temperature. For the temperature range within which LCs exist, one should
know the relationships between the LCs parameters and the temperature because
of their importance for LCs applications in sensor design.

5.2. Electro-optical effects in liquid crystals for temperature
sensor design

The use of electro-optical effects in liquid crystals is one of the modern
trends in thermometry. The electro-optical effects are due to the director
reorientation under an applied electric field. This reorientation is related to the
electrical and magnetical anisotropies (in dielectric and diamagnetic
susceptibilities, and in electrical conductivity), the elastic properties, and the
initial molecular orientation with respect to the field in liquid crystal. In
consequence of the director reorientation, the optical properties of the liquid
crystal are changed because of its optical anisotropy. The process of director
reorientation occurs in the majority of electro- and magneto-optical effects. The
degree of structural order, dielectric and optical anisotropy, and elastic
properties are closely related to the mesophase state nature which is defined by
the physical processes within the narrow temperature range (where the
mesophase appears), and are temperature dependent.

For temperature sensor design, the electro-optical effects are used. These
effects can be related to optical transmission or scattering change during
different types of transitions, such as: transitions between different textures of
certain type of mesophase, phase transitions between different mesophases,
transitions of mesophase-isotropic liquid, or transition with selective reflection
(when the wavelength of reflected light depends on the temperature of the LC).

The change in light transmission due to change in temperature can be
employed as the working principle of temperature sensor design. The
transmission can be practically constant when temperature rises up to the critical
temperature above which the transmission increases abruptly. This tendency can
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be observed not only for LC materials, but also for other materials which include
LC components [51]. The LC component influences the properties of the host
material containing it, and the temperature dependence of the material is similar
to that which characterises the given LC alone.

For temperature sensors, the response time of the LC sample (i.e. the time
that elapsed during the process of transition from the transparent to opaque state,
and vice versa) is of great importance; e.g. for the polymer-dispersed LC it can
be of the order of a few milliseconds only. It should be noted that the rise time
(the time required for a change in transmittance from 10 to 90% upon turning-on
the electric field) and the decay time (the time required for the transmittance to
change from 90 to 10% upon turning-off) are different. This difference may be
connected with not only the value of the electric field strength, but also with the
molecular characteristics of the LC.

It is known that for realization of most electro-optical effects in nematic LCs,
the initial homogeneous non-defective texture of LC should be formed.
Interesting results were obtained for highly defective texture of LC with positive
dielectric anisotropy [108]. The increase of applied electric field strength leads
to the appearance of two transmittance minima; the second minimum
corresponds to maximum light scattering. The location of the minimum depends
on the wavelength of the incident radiation and on the temperature. The
possibility of appearance of abovementioned electro-optical effect in highly
defective LC materials should be considered when designing a temperature
sensor.

In the LC-based temperature sensors, the cholesteric LC materials are mostly
applied. The cholesteric LCs are the most attractive LCs from the point of view
of their unique properties. Different electro-optical effects can be observed in
these materials, depending on the surface treatment (the boundary conditions),
the helical pitch p, the ratio d/p (d is the cell thickness), the value and the sign of
dielectric anisotropy, and the amplitude and frequency of an applied electric
field [34]. In order to understand the electro-optical properties of cholesteric LCs
and to employ them in temperature sensors design, let us consider the major
factors - especially the temperature and the electric field strength - influencing
the properties of LCs and the processes in LCs.

The cholesteric LCs have the property of selective light reflection. The
optical properties of the cholesteric LCs such as reflection, or scattering (and
others) are related to Bragg optics. The scattering of induced cholesteric LCs can
be explained by Bragg scattering in the local order helical structure
regions [204]. The incident unpolarised light can be splitted into left- and right-
handed circularly polarised components. In the case of the opposite handedness
of the component with respect to the LC material, such component passes
through the LC material, and the other component (of the same handedness as
the LC material) is reflected.
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The helical pitch is one of the important parameters influencing the electro-
optical properties of the cholesteric LC. The design of LC-based temperature
sensors requires the cholesteric LC materials to be characterised by the
predetermined helical pitch. The pitch of the cholesteric LC can be controlled by
the amount and strength of the chiral component. As mentioned above, the pitch
can be changed by the temperature, electric and magnetic fields, and mechanical
deformations. The pitch of the cholesteric LCs ranges from 0.1 um up to several
hundred pm.

There are both strong and weak temperature dependencies of the helical pitch
for different LC materials. Attempts were made to describe the temperature
dependencies of the pitch, but it is difficult to obtain one generalised expression,
which would describe correctly the temperature dependence of the
helical pitch [5, 71, 146, 216, 264]. Some studies that consider temperature
dependencies of the helical pitch are reported in [35].

For the majority of cholesterol derivatives, the pitch decreases as temperature
increases, and the wavelength of the selective reflection is shifted towards
shorter wavelengths. The change in the helix pitch involves the change in colour
if the Bragg’s reflection occurs in the visible spectral range. The wavelength of
the reflected light that corresponds to the maximum sensitivity can be chosen
using two or more component mixtures.

The pre-transitional effects cause the changes in the helical pitch, the
untwisting of the helical structure and then the cholesteric-smectic transition.
The change in colour of the cholesteric LC with temperature can be due to the
smectic-cholesteric transition. The temperature dependence of the helical pitch
near the smectic(A)-cholesteric transition is given in [278].

In some cases, the thermal hysteresis can appear; that means that different
temperature values for opposite processes, such as heating and cooling, result in
the same colour of the cholesteric LC material [54]. The examples of difference
in colour response (i.e. the hue vs. temperature relationship) of thermochromic
LCs depending on the cooling or heating cycle, are given in [53].

According to the value of the pitch p with respect to the wavelength of light
A, two cases can be considered. The first one takes place for low chiral LCs with
long pitch (p>>4). In this case, when the light propagates in parallel to the
helical axis it can be described by the superposition of two eigenwaves with
electric field vectors parallel and perpendicular to the director. For short-pitch
LCs of high chirality, when the pitch p and the wavelength 4 are of the same
order, the eigenwaves can be either elliptical or circular. In the last case, there is
a selective reflection (reflected light is circularly polarised) due to Bragg
diffraction at the following wavelength:

g =L pcosé, (5.6)
m
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where n is the average refractive index of the ordinary n, and extraordinary n,
indices, m is the diffraction order, and 8, is the incident angle of light.

In the case of light propagating along the helical axis, only first-order Bragg
reflection is possible. Then for 6;,,=0 and m=1 the maximum reflection occurs at
the wavelength Agz=np. The width of the selective reflection band is equal to
AJ=Anp, where An is the difference between the refractive ordinary and
extraordinary indices n. and n,. Depending on the wavelength of the incident
light, there appear areas with strong rotation of the plane of polarisation of light:
the rotation is large for A close to A;. At A=A, the optical rotation

changes its sign.

In the case when the incident light is perpendicular to the helical axis, one
can consider cholesteric liquid crystal as material with the periodic (period
equals 0.5p) change of the refractive index (between n, and n).

As can be concluded from the abovementioned cases, the pitch should be
taken into account when one chooses the wavelength of LC illumination.

The optical properties of the cholesteric liquid crystal (the selective reflection
in cholesteric liquid crystal for visible light, and the polarisation state of the light
transmitted through the cholesteric liquid crystal with different optical pitch) can
be described using Jones matrix, in which each matrix element is a complex
exponential [32,60]. The cholesteric liquid crystal is considered to be
a multilayer structure, which consists of many uniaxial thin films, and the
orientation of optical axes of these films changes from layer to layer. It can be
shown that depending on the type of the circular polarisation (left-hand or right-
hand), the polarised light of the wavelength equal to the helical pitch which
propagates in the direction of the helical axis is totally reflected or
simply transmitted.

The intensity of transmitted light may be employed to identify the phase
transition temperature. The light transmission through the samples as well as the
cholesteric pitch depends on the electric field strength and the presence of
dopants in the cholesteric matrix. For example, for the doped compound (the
azo-derivatives are utilized as the dopants), the electric field has less influence
on the transmitted light intensity versus temperature characteristics [248].

Under electric field, the helices of the cholesteric LC materials can be
deformed by changing the texture (texture transition), or destructed. The
destruction of the cholesteric helix under the electric (or magnetic) field, and
formation of the homeotropic nematic phase is known as the cholesteric-nematic
transition. The transmittance of the LC materials depends on both the electric
field and the temperature. Under the influence of temperature, different LC
textures may appear, and depending on the type of the texture, different changes
in transmittance occur. An example of the transmittance intensity-voltage
characteristics for cholesteric LCs is presented in Fig. 5.5. The transmittance of
the LC is high for planar texture, if no electric field is applied, and decreases as
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the electric field rises from zero, because of the scattering which occurs when
the planar texture changes into the focal ones. The value of the electric field
strength £, at which the maximum scattering occurs, is the threshold of the
focal-conic deformation (texture transition). In this texture, the helical axes are
oriented in parallel to the LC cell plates. The results of the investigation of the
texture transitions and the peculiarities of the scattering by focal texture are
described in [9-10, 206]. As the electric field increases further (E>E_), the
helix untwists and the focal structure transforms into the homeotropic one
(which is transparent). The E, value is the threshold of the cholesteric-nematic
transition. The type of the texture depends not only on the value of the pitch, but
also on the thickness-to-pitch ratio, the direction of the change in applied
voltage, and the boundary conditions.
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Figure 5.5. Typical dependence of optical transmission of an LC cell on the applied electric field,
and the orientation of molecules and the director
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In LC materials, the field hysteresis can occur [202]. Among the factors that
strongly influence the value of the field hysteresis loop, the temperature should
be mentioned [191]. The properties of cholesteric-nematic transition can be
applied not only in temperature sensors, but also in other practical applications,
e.g. light modulators [201].

The twist effect in the induced cholesterics can be investigated using the
cholesteric-nematic transition effect theory [122]: the twist effect can be
considered as a simple case of the cholesteric-nematic effect in thin LC layers.
The application of this theory is related to the d/pg ratio. For certain d/p, ratios
the chiral texture of the induced cholesteric is destructed without previous
texture transition (without formation of the scattering focal-conic textures),
because the threshold voltage of the cholesteric-nematic transition is lower than
the threshold voltage of texture transition. Above a certain critical value of d/p,
ratio, for which the voltage of the cholesteric-nematic transition becomes higher
than the voltage of the texture transition, the cholesteric-nematic transition
occurs through the formation of scattering focal-conic texture. The critical value
of d/p, can be determined by the correlation of the values of surface energy
densities corresponding to the director states Fs and F,, taking into account the
value of Ky. In order to determine the value of d/p, ratio for which the
cholesteric-nematic transition occurs, one can equate the expressions for
threshold field values of the texture (E..) and the cholesteric-nematic (E.,)
transitions.

For thick LC layers one can use the expression for Eg, in which the boundary
conditions can be neglected, but for thin LC layers the boundary conditions
should be taken into account [257]. The value of E, depends on the elastic
constant Ky,, the pitch p, the LC layer thickness d, the surface free energy, and
the dielectric anisotropy. The ratio d/p and the substrate treatment necessary to
obtain the required boundary conditions should be considered in investigations
of the cholesteric LCs in the cells of thickness d [238]. If the thickness d of the
LC is comparable with the helical pitch p, the hysteresis appears.

The novel approach to determinate the threshold cholesteric-nematic
transition voltages using the conoscopic images is described in [121]. It is shown
that from the analysis of the conoscopic images one can accurately determine the
threshold cholesteric-nematic transition voltages for different types of
cholesteric liquid crystals.

Let us consider the plot of the light transmission intensity versus the applied
rising and falling voltage for nematic-cholesteric mixture, shown in Fig. 5.6. The
points in the figure correspond to the conoscopic images shown in Photos 5.1a-h.
In these photos, the conoscopic images of the liquid crystal mixture
SP-92+1% HDN-1, obtained using the conoscopic method at the wavelength
A=0.63 um, are shown. In Photo 5.1a the initial planar cholesteric structure is
illustrated. It can be noticed that there are no conoscopic images. As the voltage
increases, the initial planar structure of the liquid crystal material changes into
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the homeotropic one. The conoscopic images are formed as the voltage
increases. Photos 5.2b, 5.3c, and 5.4d show the homeotropic alignment of the
liquid crystal layer. A further increase in the threshold voltage is related to the
increase of the brightness of isochromic circles of the conoscopic image
(Photos 5.3c, 5.4d, and 5.5e). The maximum resolution of the conoscopic image
with isochromic circles corresponds to the cholesteric-nematic transition voltage
(Photo 5.5e). It should be noted that this method of determining of the
cholesteric-nematic threshold voltage allows obtaining the values of the
threshold voltage visually, using a photodetector; i.e. this method is simple and
convenient for application.
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Figure 5.6. Light transmission intensity versus the applied rising and falling voltage
for SP-92+1% HDN-1
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Photo 5.1. Conoscopic images (liquid crystal layer thickness is 50 um) in corresponding points
in Fig. 5.6

As shown in Table 5.1, the known methods currently used to determine the
values of threshold voltage give different values of the threshold voltage for
different wavelengths. However, the values of the threshold voltage determined
by the aforementioned conoscopic method are the same for different
wavelengths, as one can see from Table 5.1.

The conclusion to be drawn is that the conoscopic methods can be applied not
only to investigate the structure of liquid crystals and the changes due to the
influence of different factors on these crystals, but also as an alternative to
known methods for the determination of some characteristic parameters of liquid
crystal materials.

It is important to know the threshold voltages of the cholesteric-nematic
transition voltages because the operating principle of one type of temperature
sensors described in this chapter is based on that transition.
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Table 5.1. Threshold cholesteric-nematic transition voltages for different wavelengths at temperature 7=300 K

Proposed method
(4=337 nm, A=444 nm,

Matrices A=337 nm A=444 nm =630 nm 2=1150 nm A=630 nm, 1=1150 nm)

UCI’] Unc Ucn Unc Ucn Unc Ucn Unc Ucn Unc
(VI | VI | [Vl |Vl | IvlI|IVI|IVlI| IV [Vl [Vl

20%5CB+80%LC-440+1% 255 | 14 24 13.5 18 10,5 | 225 | 125 23 13

cholesterylpropionat

20%5CB+80%LC-440+1.5% 31 | 227 | 295 | 215 | 255 | 20 | 275 23 28 23.5

cholesterylpropionat

40%5CB+60%LC-440+1% 185 | 193 | 17.7 18 15 157 | 175 17 18 17.6

cholesterylpropionat

40%5CB+60%LC-440+1,5% 27.7 | 236 | 26,5 22 | 205 18 24 20 24.5 20.7

cholesterylpropionat

60%5CB+40%LC-440+1% 196 | 165 | 18 15 12.7 | 11.3 15 13.5 15.6 14

cholesterylpropionat

60%5CB+40%LC-440+1.5% 203 | 195 | 198 | 17.7 | 145 | 134 | 165 | 155 17 16

cholesterylpropionat

80%5CB+20%LC-440+1% 194 | 16 18 145 | 148 | 104 16 12.5 16.5 13

cholesterylpropionat




Table 5.1. Threshold cholesteric-nematic transition voltages for different wavelengths at temperature 7=300 K (cont.)

Proposed method
(A=337 nm, =444 nm,

Matrices A=337 nm A=444 nm A=630 nm 4=1150 nm A=630 nm, 1=1150 nm)

Ucn Unc Ucn Unc Ucn Unc Ucn Unc Ucn Unc
AV I Y2 I 2 2 A/ I B Y/ B B Y R Y4 [V] [V]

80%5CB+20%LC- 27 21 26 19.7 | 225 16 24 18 24.7 18.5

440+1.5%

cholesterylpropionat

20%5CB+80%LC- 127 | 23 11 1.9 8 1.2 9.5 1.3 10.2 2.3

440+0.4%

cholesterylpelargonat

20%5CB+80%LC-440+1% | 244 | 103 | 235 | 89 | 214 | 6.3 22 7.5 22.5 8

cholesterylpelargonat

40%5CB+60%LC- 158 | 21 14 1.6 10 1 12 1 12.3 1.3

440+0.4%

cholesterylpelargonat

40%5CB+60%LC-440+1% | 21.3 | 179 | 20 16.4 | 295 | 16.7 31 18 314 18.4

cholesterylpelargonat




5.3. Liquid crystal-based optoelectronic temperature sensors

Liquid crystals are employed in different types of temperature sensors, e.g.
LC-based optoelectronic and fibre-optic temperature sensors [113]. In addition,
we should note the new possibilities for temperature measurements, e.g., the
application of cholesteric LC laser as an optic fibre-based temperature sensor
[198]. Many LC-based sensors are multifunctional: they can measure not only
the temperature but also other parameters (e.g. pressure, or electric and magnetic
field strength) which can influence the parameters of the LC material [74, 192-
193, 203].

Let us consider one of the constructions of the LC-based optoelectronic
sensors. The main components of the optoelectronic temperature sensor are: the
prism that is employed for dispersion of light, and the temperature dependent LC
cell material placed between the prism and the glass plate (Fig. 5.7) [119]. The
LC material is an induced cholesteric. The light beam is dispersed by the prism
into its full spectrum, and then passes through the LC cell. Only the light of the
wavelength corresponding to the maximum of the selective reflection of LC does
not pass the LC cell and is reflected back. In the place of the light component
thrown back because of selective reflection, a dark strip appears. The selective
reflection of LCs is temperature dependent; the temperature change involves the
selective reflection of a certain wavelength. Because of the selective reflection
of the spectrum wavelengths passed through the LC cell, the strip position
changes. Thus, the temperature can be visualized. The sensor operates within the
temperature range of the LC mesophase.

Liquid crystal

Signal registration|
and processing

Figure 5.7. Schematic of the optoelectronic temperature sensor based on prism and LC cell

The block diagram of the LC-based temperature sensor based on the prism
with LC analogue indicator, is given in Fig. 5.8. The dark strip can be registered
by the RGB photodetector. The signal from the photodetector can be formed into
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a signal carrying information to an analogue indicator, in order to visualize the
temperature value. This signal is amplified and converted by the multiplexer
from the three-channel into one-channel signal, which is passed to the analogue-
to-digital converter (ADC). The main processor of the microcontroller processes
the signals and forms the control signals for the analogue LC indicator by means
of a digital-to-analogue converter. The microcontroller controls the supply of the
light diode and the multiplexer. The value of the voltage formed inside the block
for output signals corresponds to the determined temperature.

Light .| Primary - RGB >~ . P>
source 7] transducer "1 photodetector > Control signal »|  Multiplexer
< block <4
> >
A l
Analog-to-
: R]\c/[ad—Only digital :
emory converter
: »| Central
: Input/Output < »| processor
] : Digital-to-
.An'alog < Output signal [ g— a%]a[og
indicator block : converter

Figure 5.8. Block diagram of the LC temperature sensor based on the prism, with analogue LC
indicator

The applications of LC indicators are related to their advantages over other
types of indicators, such as low power consumption (from a few to a few tens of
uW/cm?), low control voltages (from a few volts to 10...20 V), low cost, high
manufacturability, and durability.

In order to facilitate making the choice of an appropriate LC indicator, the
possible constructions of the LC analogue indicators and their attributes are
described below. The choice of the type of the LC analogue indicator depends
on the required visualisation design.

In these LC analogue indicators, the change in input quantity (voltage) is
visualized. The peculiarities of the LC indicators consist in the formation of
a voltage gradient across the indicator with varying thickness of the transparent
conductive electrode, or by variable doping concentration of the transparent
electrode [114-116]. The peculiarity of the LC indicator described
in [78, 117] consists in the creation of the reflecting cover with transparent areas
shaped like symbols. If reflecting covers are used, the light losses at the glass
substrate-transparent electrode boundary can be reduced [79]. The LC analogue
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indicator ~ without the reference  voltage source is  described
in [76, 95, 112]. The results calculated for the LC analogue indicators, without
supply elements for sensor devices, are given in [214-215]. The mathematical
model of the LC analogue indicator is described in [125].

Let us consider another construction of the LC-based optoelectronic sensor
employing the selective reflection in LCs. For the design of the temperature
sensors based on the helical structure LC materials, more attractive are the
materials exhibiting selective reflection band laying within the visible spectrum.
The investigation of the temperature influence on these materials is a current
issue. We investigated the temperature dependencies of the transmission spectra
of the cholesteric LC sample KET90600 (HCCH Jiangsu Hecheng Chemical
Materials Co, Ltd.) over the temperature range from 20°C up to 80°C. The
temperature dependencies of the selective reflection wavelength maximum for
the given LC material are plotted in Fig. 5.9. As it can be seen from Fig. 5.9, the
selective reflection wavelength maximum is shifted toward longer wavelengths
with an increase in temperature. The registered characteristics are useful for
designing an LC-based optoelectronic temperature sensor.

A
595
560 [+ /
< 490 (1 | ! ;

1 i /.

i -
420 -t

20 40 60 0

Figure 5.9. Relationship between the selective reflection wavelength maximum and temperature
for LC sample KET90600

The radiation passed through or reflected from the LC cell causes a change in
the helical pitch under the influence of temperature. The operating of such LC-
based optoelectronic sensor is based on the registration of the change in the
radiation spectral characteristics. The block diagram of the LC-based
optoelectronic sensor is shown in Fig. 5.10.
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Figure 5.10. Block diagram of the LC-based optoelectronic temperature sensor
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Figure 5.11. Circuit schematic of the LC-based optoelectronic temperature sensor

The circuit schematic of the LC-based optoelectronic temperature sensor is
given in Fig.5.11. As the source of radiation, the RGB LED
RL81-S3B7G746/16  (EXCEED) with peak  wavelengths 645 nm
(GaAlAs/GaAs), 465nm (InGaN/GaN), and 520 nm (InGaN/GaN) was
employed. The temperature sensor is supplied from an external network adapter;
the output voltage of the adapter is kept constant using the integrated voltage
stabiliser LM 7805. For the registration of the spectral characteristics of the
radiation, the three-channel (RGB) silicon photodiode S9702 (Hamamatsu) was
used. The spectral characteristic of this photodiode corresponds to the visual
bands of three colours (/g = 400...540 nm, A = 480...600 nm, Az = 590...720 nm).
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The LEDs are driven through the transistor switches (VT1+VT3), which in
turn are controlled by the digital outputs of the microcontroller PSoC (Cypress)
and provide the diode operation in both continuous and pulsed regime. The
pulsed regime allows setting the required level of the light intensity and
synchronising the input signals for the sensor’s noise immunity improvement.
The light passed through the LC cell is received by the RGB photodiode. The
level of the input signals required for sensor’s operating is set using the
operational amplifiers. The outputs of the amplifiers are connected to the
analogue inputs of the microcontroller. The built-in ADC converts analogue
signals into 14-bit code words, which are used in further program analysis. The
internal software compares the digital codes of the input signals with the
corresponding codes of the values stored in the built-in database. A given value
of the measured parameter corresponds to agiven input combination. The
formed output value is transmitted through the built-in interface circuitry to the
PC for the visualisation on the screen in a user-friendly way. The representation
of the measured quantity can be visualised in both analytical and graphical form.
The measured results are used to create databases, and for the calibration
purposes. The measurement accuracy is limited by the sensitivity of the primary
transducer (LC cell) and the number of bits of the internal ADC.

The abovementioned circuit scheme of the LC-based optical temperature
sensor is versatile. The range of the measured temperatures and the measurement
accuracy are determined by the properties of the LC material used in the LC cell.
For the KET90600 LC material, the measured temperature ranges from 20°C up
to 80°C, and the sensitivity is 0.25°C/nm. The built-in 14-bit ADC provides the
level of temperature measurement accuracy 0.01°C which does not influence the
sensor’s accuracy.

The abovementioned properties of the cholesteric-nematic transition can be
employed in the threshold-based temperature sensors [106, 107, 109]. The
operating principle of the threshold-based temperature sensor is based on the
registration of the change in an LC cell transparency under the temperature
influence. In this case, at the threshold voltage for a certain temperature, the
cholesteric-nematic transition occurs, changing the transparency of the LC cell.
Before the start of sensor’s operating, one should fix the required threshold
voltage for the sensor. At the moment of registration of an LC transparency
(light intensity) change, the temperature can be determined.

The threshold-based temperature sensor consists of the light source, the
primary transducer (LC cell), the photodetetor and the circuit forming the output
signal. The block diagram of the threshold-based temperature sensor is shown in
Fig. 5.12.
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The light from LED GNS-0603URC (GaAlAs) with peak sensitivity at
660 nm is sent on the LC cell (primary transducer). The nematic-cholesteric
mixtures can be used as the active material of the sensor. The relationships
between the threshold voltage and the temperature for the cholesteric mixtures
applied in the sensor are shown in Fig. 5.13. The photodiode S1787-12 with
peak sensitivity at 650 nm was used as photodetector.

The electric scheme of the control block comprises the stabilisator of the
input voltage, the control circuit of the LC cell supply voltage, the
microcontroller, and the interface block through which the signals are transferred
to PC. The functional scheme of the threshold-based temperature sensor
employing LC is shown in Fig. 5.14.
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Figure 5.12. Block diagram of the LC threshold-based temperature sensor

The secondary transducer is based on the microcontroller PSoC (Cypress).
The use of such microcontroller allows creating a compact and convenient to use
control device with the possibility of information exchange with PC.

The architecture of PSoC consists of four main blocks: PSoC Core, digital
system, analogue system, and functional blocks including fast USB ports. All the
functional blocks are integrated in one complete system. The PSoC CY8C24x94
devices can have up to seven I/O ports. The digital system of the PSoC
microcontroller CY8C24x94 (DAC) consists of four digital PSoC blocks. Each
block is an 8-bit device, which can be employed separately, or with other blocks
as 16-, 24- or 32-bit periphery devices. A D/A converter is applied for the
conversion of the binary code into the voltage or current value, which are
proportional to the value of digital code.
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Figure 5.13. Temperature dependencies of the threshold voltage Uy, for the cholesteric mixtures:
1 — 80%5CB+20%LC-440+1.5% cholesterylpropionat; 2 — 20%5CB+80%LC-
440+1.5% cholesterylpropionat

The LED is supplied through the transistor switch (Q3) which is controlled
by the digital output of the PSoC microcontroller (Cypress). The light passed
through the LC cell is received by the photodiode D2.

Before starting the registration and processing of the signals from the
photodiode, one should set the required threshold voltage for the sensor
(Fig. 5.5, block 1). It can be done using the voltage divider (built with the
resistors R3, RV1 and R10). For further amplification, the signals are put through
the operational amplifier U1:B on the transistor switch Q2. In order to protect
the sensor’s operation from the influence of frequency noise, the capacitors C2
and C3 are used. Through the transistor switch Q1, the signals are put on the LC
cell. The device creates an array of consecutive voltage values. The minimum
value of the voltage (and the voltage step change) across the LC cell is limited
by the number of the ADC bits. The built-in ADC converts the analogue signal
into digital 14-bit code, which is used in further program analysis. Further
operations aimed at obtaining the value of the measured temperature are the
same as have been described for the optoelectronic temperature sensor
(Fig. 5.11). The measured temperature range and the measurement accuracy are
determined by the properties of the LC material used in the LC cell, in particular
by the slope of the contrast vs. voltage characteristic, which is different for
various materials; e.g. for the 20%5CB+80%LC-440+1.5% cholesterylpropionat
and  80%5CB+20%LC-440+1.5%  cholesterylpropionat, the measured
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temperature ranges from 17°C to 57°C. The temperature measurement accuracy
is equal to 0.05°C.

Figure 5.14. Functional scheme of the threshold-based temperature sensor employing LC:
1 - the programmable power supply block, 2 — the block of the LC cell threshold
voltage control, 3-the LC cell, 4 - the microcontroller PSoC CY8C24x944,
5 - the photodiode (S1787-12) control block, 6 - the LED (GNS-0603URC) control
block, 7 - USB interface

5.4. Liquid crystal-based fibre-optic temperature sensors

Liquid crystals can be applied not only as the sensing elements in fibre-optic
temperature sensors, but a liquid crystal cell can be also employed as an optical
control element for lightguides [189]. The light propagation in optic fibre with
LC cell is analysed in [205] and on the basis of this analysis, a mode selector is
elaborated. Moreover, on the basis of three optic fibres with LC cells, a spectral
selector which can be applied in the temperature sensors, was elaborated [204].
The other possibilities of use of liquid crystals and optic fibres are
described in [123].

Liquid crystal-based fibre-optic temperature sensors consist of an LC and
a fibre-optic cable. Usually the LC material is the sensitive element of the
sensor, and the fibre-optic cable is used for light transmission. The transmission
of information about temperature dependent properties of the sensing material
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allows determining the temperature value. Under the influence of temperature,
the changes in intensity of light reflected from LC material, or in optical rotatory
power (in binary LC mixtures) appear [50]. In order to understand the operating
of LC-based sensors, the changes in the electro-optic properties of LCs
(e.g. transmittance) under various factors (including temperature) acting on LCs,
were described above. Further on, let us consider only the constructions and the
principle of work of some LC-based fibre-optic temperature sensors.

The earlier LC-based fibre-optic temperature sensors are described
in [69, 135-137, 228-229]. The liquid crystal-based fibre-optic temperature
probe consists of an LC and an optical fibre. The LC is placed between two glass
or teflon cups as the temperature-sensitive element of the temperature probe.
The thin film of an LC is spaced 0.5-1.0 mm from the distal tip of a sheathed
fibre-optic bundle containing 5-15 fibres of 0.125 mm in diameter. As an LC
material, the LC mixture of three cholesterol compounds was applied.

The fibre-optic cable is used for the light transmission to the LC, and for
receiving the back scattered light from the LC. About half of the optical fibres
are employed for illuminating the LC film by LED light (0.685 um, gallium-
arsenide-phosphide LED). The current through the LED is pulsed with a pulse
width of about 10 ms at 100 pulses per second. The current pulses of about
1-3 A are put through the LED. The other half of the optical fibres is used for the
transmission of the back scattered light from the LC to a phototransistor. The
reflected light pulses are amplified, and as a voltage signal are put into the
sample-and-hold circuit where they are stored.

The sizes of the probe are as follows: the diameter is about 2 mm, and the
length can be up to 1 meter or more.

For obtaining the required parameters of the temperature probe, the following
factors should be considered: the temperature range of the LC, the illuminating
light wavelength, the purity of the LC, and the temperature probe configuration.

The aforementioned temperature probe can measure temperature differences
to within 0.1°C accuracy. Such temperature probe can be useful for arange of
medical and biological applications, because it perturbs the electromagnetic field
in the tissue only minimally and gives a large variation of red reflectance in the
30-45°C range. The application field of such temperature probe is wide; for
example, measurement of the rectal temperature of animals, temperature
measurements in the chambers of excised animal hearts in cardiac studies,
temperature monitoring in the tissues, etc.

Let us consider one more LC-based temperature probe [261]. The LC
material is placed inside the cell between the heat-treated glass plates (1 mm in
diameter), with a dielectric mirror on the outer surface of one plate. The LC cell
is put together with the polariser at the well-polished tip of the optic fibre. The
LC cell is protected by the epoxy resin, in which it is dipped. The linearly
polarised beam passes through the LC, and its temperature dependent rotation
occurs. Then the beam is reflected from the mirror, and additional rotation takes
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place. A difference in light intensities exists between the incident and reflected
beams. To compare these intensities, the beam splitter is applied.

The relationship between the intensity of the reflected beam and the
temperature can be expressed as follows:

['(T)=T,cos*¥(T), (5.7)

where ¥(T) is the temperature-dependent total rotation, and I'y is a constant that
depends on the attenuations due to reflection from the mirror and the passage
through the glass plates, the liquid crystal, and the polarising material. The range
of reflected intensities corresponds to a given temperature range. By proper
choice of liquid crystal composition, cell thickness, and illumination wavelength
one can obtain the required range of reflected intensities, which corresponds to
the required temperature range.
An important parameter is the inversion wavelength A;:

Ao =np, (5.8)

where n is the average refractive index. The inversion wavelength may be
roughly approximated as the effective pitch.

Depending on the wavelength (far from, or close to the inversion wavelength)
the LC is either transparent or opaque to the incident light. In the region far from
the inversion wavelength, the liquid crystal transmits the linearly polarised light
without significant attenuation. At the inversion wavelength, one of the circular
components of the linearly polarised incident beam is entirely reflected while the
other is transmitted.

The device geometry for LC-based temperature probe described in [173] is
shown in Fig. 5.15. The LC is placed between two glass lenses attached to the
distal end of a fibre-optic catheter. As the LC material, an LC mixture of three-
component cholesteric LC was used. The catheter comprises eight optical fibres.
One half of the fibres transmits the light from the LED to the LC; the other part
of the fibre bundle transmits the light scattered from the LC to a photodetector.
At higher temperatures, the greater part of the incident light is reflected. This
reflected light is registered by the photodetector and converted into electric
signal (the voltage output on the digital panel of the meter). A narrow thermal
hysteresis loop (0.1°C or lower) can be observed. Hysteresis and aging of the LC
material are disadvantages of such temperature probe, but the recalibration of the
temperature probe at periodic intervals allows solving the drift problems. This
temperature probe was employed for temperature monitoring in studies of
microwave-induced hyperthermia in mice and the interaction of this treatment
with ionizing radiation, for investigation of biological effects of microwaves on
isolated hearts of mammalia and rats, and for basic studies on the bioeffects of
microwave radiation at the cellular level.
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Figure 5.15. Liquid crystal fibre optic temperature probe (after [173])

The benefits of LC-based fibre optic temperature probe for biological and
tissue investigations are as follows:

— construction transparent and non-perturbing to electromagnetic fields
(because it is completely non-metallic),

— probes relatively small in size (1-2mm in diameter; can be easily
implantable into biological tissues),

— probes provide temperature versatility and retain thermal sensitivity for
many months,

— probes can be surface sterilized and used under aseptic conditions,

— probes provide continuous monitoring of tissue temperature response to
irradiation with 0.1°C accuracy.

The disadvantage is a slight but significant decay in response to repeated
temperature cycling. For the drift compensation, periodic calibrations are
required. Therefore, that temperature probe is employed in relatively short-term
experiments.

The operating of the other LC-based fibre-optic temperature sensors is
similar to the probe described above. The LC cell (with cholesteric) is
illuminated by the light beam from a light source. Because of the LC selective
reflection in the direction of the detector, the light (the wavelength of which is
directly related to the environment temperature) is spread. The temperature
change involves the change in helical pitch, and the selective reflection is
registered by the detector. It should be noted that LC-based sensors can be used
not only for temperature measurement, but also for pressure measurement, as
well as for the magnetic and electric field measurement. The required range of
the measured values is determined by the choice of the LC mixtures. In order to
construct the LC-based fibre-optic sensors, both the LC materials and fibre
lightguides should be researched carefully [77, 192]. Depending on the type of
LC material, different requirements should be fulfilled. In the case of the
nematic materials, the initial orientation of LC should be homeotropic, and the
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refractive index of the core should lie within the following interval: n, < n. < n..
In the case of the induced cholesteric, the initial texture should be planar, the
wavelength of the radiation spread in the lightguide should be commensurable
with the helical pitch, and the refractive index of the core should be less than
that of the induced cholesteric. The refractive index of LC material should be
constant in the LC layer, and should lie within the range from Ny, to Nmay [190].

The block diagram of an LC-based fibre-optic temperature sensor is shown in
Fig. 5.16.

Light source
power

supply

optical fibre

Light ﬁ
source

LC cell
Control
pC . .and ol Photo- J
registration detector
block

Figure 5.16. Block diagram of an LC-based fibre-optic temperature sensor

The electronic circuit of that temperature sensor can be the same as for the
temperature sensors described above (Fig. 5.11 and Fig. 5.14). The use of the
optical fibre does not require any redesigning of sensor’s electronic circuitry.
Only the algorithm of signal processing should be modified, since the sensor’s
operation is controlled by the algorithm implemented in the microprocessor.
Such modification is caused by the difference in spectral characteristics between
the light passed through and reflected from the LC cell. The sensor parameters
remain unchanged.

The abovementioned electronic circuits of the temperature sensors can be
employed with the LC-based sensors shown in Figs. 5.17 and 5.18. In these
cases, the temperature sensors do not require the reference voltage source which
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supplies the primary transducer (the LC cell). The measured temperature is
determined by the LC mesophase existence. In the sensor’s construction shown
in Fig. 5.17, the application of the spacers allows to obtain an unfilled area. This
area is filled with the LC material [74].

The multifunctional fibre-optic sensor shown in Fig. 5.18 can be applied not
only for temperature measurement, but also for pressure, electric and magnetic
field measurements, etc. [77, 118].
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Figure 5.17. The LC-based temperature sensor with LC cladding

The sensor consists of the lightguide with the capsule containing LC inserted
into the cladding. The light from the laser is fed into the end of the lightguide
and spread inside the fibre’s core. The value of the refractive index of the
induced cholesteric is close to the refractive index of the cladding; thus, the
condition of full internal reflection is fulfilled. If no temperature influence
occurs, there is no external light radiation in the place of the LC inserting,
because the selective reflection of the LC involves the return of the light beam
back into the lightguide. Under the temperature influence, the helical pitch and
the refractive index are subject to change.
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Figure 5.18. Fibre-optic temperature sensor with a capsule containing LC material
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The condition of selective reflection is not met, and an external light radiation
in the place of the insertion of the LC capsule appears; the light is modulated.
After passing through the lightguide containing the LC capsule, the light is
registered by the photodetector. The photodiode current vs. temperature
relationships for different LC materials are depicted in Fig. 5.19.
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The sensitivity of such sensor is dependent on the birefringence value and the
length of the capsule. The relationship between the sensor sensitivity and the
length of the LC capsule is shown in Fig. 5.20.

k [MA/C]

0.5
0.4
0.3
0.2

Figure 5 .20. Relationship between the sensor sensitivity and the length of the capsule containing
LC (5 CB+10% LC-440 with 0.5% cholesterylpropionat)
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Another construction of an LC-based temperature sensor is shown in
Fig. 5.21 [144].
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Figure 5.21. Design of an LC-based temperature sensor

The sensitive element of the sensor is the capsule filled with the LC material.
The refractive index of the LC material is lower than that of the capsule. The
influence of the temperature involves the change in the output beam intensity,
which is registered by photodetector.

5.5. Liquid crystal-based colour-changing temperature sensors

The peculiar properties of the blue phase (BP) and the narrow blue phase
temperature range can be applied for temperature registration, e.g. temperature
sensor design. The narrow temperature range of BP implies sensor’s high
sensitivity to temperature change, i.e. fixation of given temperatures. In order to
choose the given Bragg wavelength, one should use the liquid crystal materials
with appropriate helical pitch.

The use of the liquid crystals containing blue phases as temperature sensitive
material in temperature sensors allows visualizing the attainment of certain
temperatures of the objects. The chosen liquid crystal material should exhibit the
same temperature of the cholesteric-blue phase transition as the fixed
temperature of the object to be measured. During the phase transition, there is
the wavelength step change in the selective light reflection, which results in the
colour step change. The human eye can distinguish the colour changes
corresponding to the temperature changes. In some cases, it offers sufficient
accuracy for revealing the fixed temperature of an object.

The operating principle of the sensors using the blue phase properties is
based on the colour change in areas where the temperature exceeds the given
value. In areas where the temperature is critical, blue-phase selective reflection
occurs. These sensors can be employed for the visualisation of the points or
areas of the investigated object where the fixed temperature is exceeded, and
also where the temperature has exceeded the fixed temperature for only a short
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time, and then has decreased a bit to lower values. The latter application is based
on the effect of blue phase overcooling, i.e. that the temperature of the
cholesteric-blue phase during heating-induced transition can be a few degrees
higher than at cooling.

The construction of LC-based colour-changing temperature sensor is shown
in Fig. 5.22 [80, 124]. It consists of two polyethylene terephthalate (PET) films
(one transparent, and the other blackened) with liquid crystal material between
them. To define the thickness of the gap between the films, different structures
(shown in Fig. 5.22) can be used: the grid, crimped, capsulated or scantling
(metal or polymer) structure, in order to ensure even thickness of the LC layer
between the films.

The liquid crystal material used in this type of temperature sensor can be
a chiral nematic in which the blue phase with selective reflection exists in the
visible part of the spectrum. It allows visualising the areas of the object under
investigation over which the temperature has achieved some fixed values, in
form of isotherms (the strip of the colour corresponding to Bragg wavelength of
the blue phase). The temperature sensor is attached to the object of investigation
making close contact of the blackened film with the object. In the areas where
the temperature exceeds the cholesteric-blue phase temperature transition and
does not exceed the temperature of the transition to the isotropic phase, the
colour corresponds to the wavelength of the selective reflection of the blue
phase. The colour of these areas differs from the areas of lower temperatures. In
the areas where the temperature is higher than the temperature of the transition
to the isotropic phase, there will be no light reflection, and their colour will be

black.
w =

Capsulated structure Crimped structure

V22

Grid structure ~ Scantling structure

Transparent polyethylene
terephthalate film

Liquid crystal

Blackened polyethylene
terephthalate film

Figure 5.22. Construction of LC-based colour-changing temperature sensor
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Another application of the colour-changing sensor is related to the visual
indication of the temperature deviation from the fixed temperature when the
temperature should be stable, for example for biological objects, where the
temperature rise of the microorganisms or cells higher than 0.1°C leads to their
overheating and death. Therefore, it is very convenient to use colour-changing
sensors in the case of simultaneous temperature monitoring of many objects.
Such application of temperature sensors is simple, low cost, and provides
sufficient accuracy.
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Figure 5.23. Relationship between the Bragg wavelength and temperature for the mixture of
15 weight % cholesteryl chloride — 85 weight % cholesteryl pelargonate

BPI and BPIIl are characterised by highly selective reflection at different
wavelengths. Therefore, when choosing the liquid crystals mixtures with different
component concentrations, one can obtain two-colour strips representing the fixed
temperature. For example, the relationship between the Bragg wavelength in the
cholesteric and blue phases for the mixture of 15 wt. % cholesteryl chloride +
85 wt. % cholesteryl pelargonate confirms the possibility of BPs application for the
visualisation of the areas with fixed temperatures (Fig. 5.23). The temperature
colour sensor can be realized using such mixture because it does not disturb the
temperature field of the object under investigation. The response time
(0.1...0.2 s) to changes in temperature of the sensor is determined by the duration
of the change of the cholesteric helix into the helix with another twist pitch
during the cholesteric-BP phase transition. The investigations of this mixture
revealed that its use in temperature sensors is reasonable.
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Figure 5.24. Temperature dependence of the electro-optical response time for the polymer
stabilised blue phases (polymer fraction: a = 6.3, 10.5, 15.0 mol %): (a) for the rise
process and (b) for the decay process [93]

The the polymer-stabilised and polymer-dispersed LCs can also (like the
abovementioned LCs) be applied in the “on-off” type temperature sensors [52].
The investigations of electro-optical effect in polymer-stabilised blue
phases [93, 148-149] have shown that the response times of polymer-stabilised
blue phases (in the order of microseconds) are shorter than for the nematic liquid
crystals (of millisecond order) (Fig.5.24). This property can be taken into
account during temperature sensor design.
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Summary

LC-based temperature sensors are an alternative to contacting sensors and
can be employed in operating conditions where the use of thermocouples or
resistance temperature sensors is not reasonable. The parameters of the LC-
based temperature sensors depend on the properties and characteristics of the
applied LC materials. Therefore, in order to predict and to modify the
parameters of new LC materials, the thorough study of LC materials is a topical
issue. An accurate knowledge of the properties of LCs allows the researcher to
find practical applications of LC materials in temperature sensors. In designing
LC-based temperature sensors, the electrooptical effects in LCs are frequently
employed.

The proposed LC-based temperature sensors employ the selective reflection
in LCs (the designs based on prism, and the fibre-optic designs), the cholesteric-
nematic  transition  (threshold-based temperature  sensor  employing
cholesteric-nematic  transition), or properties of the blue phase
(liquid crystal-based colour-changing temperature sensor). The temperature
measurement range of the LC-based temperature sensors is limited to
temperature interval of the existence of the LC phase. The temperature
measurement accuracy depends on the type of the used LC material. For
temperature sensors based on the selective reflection in liquid crystals (e.g. the
KET90600 material), the measured temperature ranges from 20°C up to 80°C,
and the sensitivity is 0.25°C/nm. For the threshold-based temperature sensor
employing cholesteric-nematic transition, the measured temperature ranges from
17°C to 57°C and the temperature measurement accuracy is equal 0.05 °C for
given LC materials.

In designing LC-based temperature sensors, two current issues emerge: the
use of the new LC materials, and the elaboration of the new constructions of
sensors. Selected solutions proposed by the author can broaden the field of the
LC-based temperature sensor designs.
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6. Metrological instrumentation for temperature
Sensors

The modern industrial facilities are characterised by world-wide use of both
local and global automation systems based on the control devices, and on
measurements of technological parameters of a process, using various sensors
(including temperature sensors). The reliability and proper functioning of
industrial facilities, in particular of control systems which are responsible for
security, should be as high as possible. Although the measuring devices are
periodically verified in specialised laboratories, it does not guarantee the lack of
random failures, or not immediately noticeable noise.

In order to improve the reliability of the automation systems of technological
process control, the reliable metrological equipment necessary for proper
operation of the measuring and sensoring devices is required. The technical
surveillance of all elements of the automated system should be carried out both
continuously (during operation) and periodically (also in off-line) mode [217].
Taking into account the large number of potential influence factors and wide
range of their changes, there is aneed to conduct regular metrological
supervision of the measuring equipment used in industrial facilities in the course
of their operating, without stopping the process.

For metrological checking of the measuring devices which comprise
thermoresistive or thermoelectric sensing elements, the code-controlled multi-
value standards of resistance, voltage and current are required.

The construction concept of an electric circuit used as a resistance standard
for which the equivalent resistance value Req (or capacitance Cgq, Or impedance
Zeq) seen by the meter inserted between the standard’s terminals differs from the
true value of the “real” resistance Ry (Cy or Zy, resp.) physically present inside
the box, is a well-known technical solution of working resistance standards
(e.g. [87, 179-180, 183]). Such devices are termed “resistance simulators” [242],
or “resistance substituters” [89], or “impedance Synthetizers” [172], or
“resistance imitators” [105]; the latter term is used throughout this chapter.

Resistance imitators can be divided into two classes: passive, made of
a circuit with switched resistors, e.g. “wye-delta” (also termed: “star-triangle” or
“star-delta”) circuits [33, 89, 165], incapable of providing accurate regulation —
and active resistance imitators comprising a digitally-controlled voltage
calibrator [86, 88] or switched capacitors [253], for which the code-controlled
regulation of the value of the imitated resistance in very small steps can be
performed.

As the advancement in the IC circuits manufacturing technology has evolved,
it has opened the possibility of building code-controlled dividers of current [157]
or voltage [200]. Such dividers have much in common with the D/A converters;
they allow setting the divider’s step output voltage in very small increment of
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regulation. Precision resistance imitators are commercially available
(e.g. [282-283]). A special field of application of resistance imitators are the
simulators of the RTD resistance temperature sensors [67, 290].

6.1. Improvement of the code-controlled multi-value resistance
standards

Traditional resistance decade boxes have a number of disadvantages, such as
difficulties with automation, insufficient resistance resolution per step and
complexity of the realisation due to the use of considerable number of resistors
of different nominal precision. The current issue is to design the code-controlled
multi-value standards based on the active imitators of resistance, voltage and
current.

The best place to connect a code-controlled standard is a commutator switch
box situated close to the connection between the primary transducer and the
measuring channel, since in this case the secondary transducer is checked
including its lead wires. However, to put the standard of measurement in this
place is often impossible because of the peculiarities of the construction of
certain objects, and the influence of destabilising factors such as temperature,
humidity, radioactive radiation, emissions from chemical processes, etc.
Moreover, in order to organise the checking of metrological characteristics of
measuring devices, the simultaneous check of the standard of measurement and
the observation of the output signal of the measuring channel should be
provided. Therefore, the standard of measurement should ensure the possibility
of transmitting a given value of the electrical resistance standard over distance to
certain points of the checked device with the required level of accuracy.

A possible solution to the problem is the use of the two-pair wire imitators of
resistance. In Fig. 6.1 the structural scheme of an active resistance imitator
comprising an auxiliary voltage divider is shown [98]. In that scheme, the
influence of the lead wire resistances R, R, 3 and R4, can be neglected. Only the
resistance of the lead wire Ry, influences the accuracy of the reproduction of the
resistance value. The auxiliary resistive voltage divider inserted between the
output of the code-controlled voltage divider and the input of differential
amplifier DAZ2 is applied for ensuring the required accuracy and the resolution
per step of resistance imitation.
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Figure 6.1. Structural scheme of an active resistance imitator with two selector switches for
combined range selection [98]

The value of the absolute resistance error due to the resistance of connecting
wires is equal to:

ARimj(RL) =Ry - Hilyj s (6.1)

where Ry is the resistance of connecting wire, u is the actual division ratio of
the code-controlled voltage divider, u4; is the j-th division ratio (j=1, 2, 3) of the
auxiliary voltage divider which can be calculated as follows:

R

immax j

: (6.2)
Hmax R0i

Haj =

where R, ..; is the maximum imitation resistance for 4, umx is the

maximum code-controlled divider’s voltage ratio for the maximum code value,
Roi is the resistance of the i-th standard resistor; in compliance with the scheme
in Fig. 6.1, i=1 or 2.
In order to reduce the resistance imitation error, the standard resistor value
should be increased according to the following condition:
Ry < Sames (6.3)

IImax

where U, IS the maximum output voltage of the differential amplifier DAL

(Fig. 6.1), and |, yax is the maximum value of the input current for the I-th range
of imitated resistance, equal to the maximum allowable current of the standard
resistor of the I-th selected range.
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From mentioned above, the conclusion to be drawn is that the required range
of imitated resistance can be selected by switching in a given standard resistor
and setting a given division ratio of the auxiliary voltage divider.

The effectiveness of the lead wire configuration of the active resistance
imitator can be evaluated compared to the common two-wire connection of
aresistance standard. For a two-wire connection, the lead wire resistances R,
introduce an error because they add to the standard resistance value. In the case
of two pairs of connecting wires used for the active resistance imitator, the error
due to lead wire resistances is largely reduced. Hence, the lead wire error
reduction ratio K, can be determined by the following expressions:

2R,

K =———, 6.4
' ARimj (RL) ( )
or in decibels:
K., =20I9L=20Ig 2 (6.5)
ARimj (RL) Hily

The relationships between the lead wire error reduction ratio K; and Rin max,
for the combined range selection of the resistance imitation (according to
Table 6.1) and the common range selection with one selector switch, are plotted
in Fig. 6.2. The common range selection is performed by change of nominal
resistance value of the standard resistor; the values fit a geometric progression,
e.g. 10-100-1000-10000 2 (Fig. 6.2).

Table 6.1. Nominal resistance values of the standard resistor Rg;, and division ratios Haj of the

auxiliary voltage divider for combined range selection

Number of Rim max ROi Haj Iimax

the range Q] [kQ] [mA]
1 10 1 0.01 10
2 100 1 0.1 10
3 1000 10 0.1 1
4 10000 10 1.0 1
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Figure 6.2. Relationships between the lead wire error reduction ratio K, and the resistance R;, for
different range selection of the resistance imitator: 1) combined selection, 2) common
selection

The use of combined range selection in the active imitator results in lower
number of required high accuracy standard resistors. On the other hand, the
resistors of the auxiliary voltage divider can be less accurate because the
accuracy of the voltage divider depends on the accuracy of divider’s resistance
ratio (and not on the accuracies of the individual resistances of the divider’s
resistors, of which the divider is made up). That can be achieved using resistors
fabricated by hybrid planar technology.

In multi-range resistance imitator design, the electronic switches are
employed to commute between the resistances of the standard resistors, but the
switches’ on-state residual resistances significantly influence the accuracy of the
resistance imitation. The structural scheme of the active resistance imitator in
which the influence of lead wires resistance R, ; and of the residual resistances of
the commutating switches is reduced, is shown in Fig. 6.3.

The compensating circuit designed to compensate for the influence of lead
wires resistance Ry, and the residual resistances of the commutating switches S;3,
S, contains the differential amplifiers DA2, DA3 and DA4. The input of DA2 is
connected to a given standard resistor Ry, or Ry, through the switches S;; or Sy,
respectively.
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Figure 6.3. Structural scheme of the multirange active resistance imitator

The residual resistances of the switches S,q, Sy, are connected in series to the
high-impedance input of DA2. Therefore, their contribution to the value of the
imitated resistance can be ignored.

The imitator output voltage between points 1 and 2 is equal to:

R, R R
U, = |:Iin (ROi +Ry+1 )R_ZR_S =l (RLl +1 )R_5 Hidg (6.6)
1 4 3
where I;, is the value of input current, and ry; is the on-state resistance of the

switch Sy,.
If the following condition is met:

R,R; =RR,, (6.7)
then the imitator resistance between points 1 and 2 is equal to:
R5
Rim = Ro 5 HHaj- (6.8)
R3

It can be seen from (6.8) that the circuit depicted in Fig. 6.3 provides the
compensation of the influence of lead wire resistances and residual resistances of
commutating switches.
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6.2.Reduction of the influence of noise on the error of the
resistance imitation

To maintain the required metrological characteristics of the active resistance
imitators when conveying the values set on the resistance standard over long
distances from the device, it is necessary to overcome the influence of the
resistances of the lead wires and the influence of both external and internal
noise. The increase in global power consumption by industrial equipment — both
electromechanical and technological — involves rapid rise in intensity of
industrial noise. During the active resistance imitator operation under industrial
conditions, the internal and external noise is generated, both inside and outside
the electronic circuit. That noise causes erratic changes of the voltage values
between the points 1 and 2 of the resistance imitator; in this case, an additional
error appears. The value of this error may be higher than the tolerated basic
absolute error and sometimes it can exceed the imitated resistance value. The
noise can interfere into the measuring circuits, to which the imitator is
connected, through the galvanic connections between the parasitic noise source
and the measuring circuits, and as the noise induced electromagnetically and
electrostatically into lead wires and some parts of the electric circuits of the
active resistance imitators.

The equivalent noise voltages interfering in the respective lead wires 1 to 4:
€n1, €n2, €n3, and enq are caused by various parasitic noise sources. The wires 1+4
are galvanically connected with these noise sources. Thus, in each lead wire
a different level of normal mode noise intensity can exist.

For equalisating the noise level between the first and the second wire, the
compensating current formation circuit can be employed (Fig. 6.4).

The transfer function of the active resistance imitator can be expressed as
follows:

Ry = Ryt + Sne — 2 +[en2|—en1 + 'iROJM o (6.9)

in in in a'in

where ey, en2, ens, ens are the noise voltages in respective wires, u is the division
ratio of the code-controlled voltage divider, l;, is the value of the input current, I,
is the value of the compensating current, R, is the value of the resistance of
standard resistor, and k, is the gain of the differential amplifier DA3.
The current formation circuit supplies the compensating current I, equal to:
€~ En2

|, =-ni—nz 6.10
=R, (6.10)
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Compensating current
formation circuit

N

i

Code-
controlled
voltage
divider

Figure 6.4. Equivalent structural scheme of active resistance imitator with normal mode noise
compensation in the first and the second lead wires

Assuming that the formation error is negligible, the transfer function of the
resistance imitator is found as:

R, = Ry + . —Cn2. (6.11)

in
The absolute error of the resistance imitator caused by noise is equal to:

A — €ns —En2

Rimn
|

(6.12)
in

The noise in the third wire (Fig. 6.4) is reduced due to the negative feedback
branch connected around the amplifier DA2 placed in the circuit containing this
wire. Thus, the efficient noise reduction depends only on the amplification factor
of the differential amplifier DA3.

For equalising the noise level between the second and the fourth wire, two
additional capacitors have been inserted into the circuit [105]. The capacitor C,
is connected between points 1 and 2, and the capacitor C, is connected around
the differential amplifier DAL. That ensures equal potentials of the variable
component between the second and the fourth wire. The equivalent structural
scheme of the active resistance imitator with normal mode noise compensation
in all connecting wires is shown in Fig. 6.5.

The compensating current formation circuit is built using the differential
amplifier DA3 and the resistors R;, R, and Rs. In order to compensate the noise
picked upon the first lead wire, the following condition should be met:

R,R, =RR,; . (6.13)
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In this case, the influence of the resistance of the first lead wire can be
compensated. The resistances of the load wires R, Ri3 and R 4 also do not
influence the resistance imitation error.

controlled
Ins voltage
divider

Figure 6.5. Structural scheme of the active resistance imitator with normal mode noise
compensation in all connecting wires [105]

The equivalent noise voltage between points 1 and 2 — when neglecting the
errors caused by limited amplification factor of op-amps and formation error of
I — can be expressed as:

Ry(R, +R
U12n = (en4 —€p 1- 0( L2 1 ) R ) (614)
RO(RL2+R)_ 2 o
o°C,C, @C,
where w is the angular frequency of the noise voltage.
The noise reduction coefficient K, (also: NRC, in decibels) is equal to:
1 T [RrR T
[RO(RL2 +R) - e } +L}£ }
K, =20lg 12 > L (6.15)
2
1 : 1 - R," Ry(R,+R) +[R02(RL2 N R)]2
CUC]_ w C]_Cz CUC]_ a)Cz
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The noise reduction coefficient depends on the values of Ry, R, C; and C,.
The relationships between the noise reduction coefficient K, and R, C; and C,
are graphed in Figs. 6.6, 6.7 and 6.8, respectively.
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Figure 6.6. Relationship between the noise reduction coefficient K,, and the capacitance C,, at
C,=10 pF and R=10 kQ

From Fig. 6.8 it can be seen that the noise reduction coefficient increases by
20 dB when either the capacitance C; or the resistance R increases 10 times. The
increase in value of C; and R is limited: firstly, by the transition time of the input
signal; secondly, by the differential amplifier input resistance; and finally, by the
size and residual resistance of the capacitor. The optimal value of the
capacitance C; is 10 uF (Fig. 6.8).
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6.3. Multi-range resistance standard fabricated by thin film
hybrid technology

The semiconductor technology does not ensure the manufacturing of
analogue devices with high metrological characteristics. This is due to the
difficulties encountered when designing the precision passive components. The
application of the thin film hybrid technology allows achieving high
metrological parameters of the resistance, voltage and current standards.
Especially high metrological parameters are achieved for the resistors and
resistive dividers. The deposition of the resistors on a single dielectric substrate
during one technological process ensures the same temperature and time changes
of the nominal values for the resistors. Therefore, the influence of the
temperature and time changes of the resistor values on the divider’s voltage ratio
is compensated. For the design of high stability resistors, it is reasonable to use
the double-layer resistive structures with the same absolute values of TCRs but
of opposite sign [24].

As the result of investigations of technical parameters of the components
fabricated using thin film hybrid technology, the following structural scheme of
active resistance imitator was proposed (Fig. 6.9) [101]. The scheme consists of
the analogue and the digital section. The analogue section of the active
resistance imitator comprises a current-to-voltage converter, a pulse-to-voltage
converter, and an output cascade.

Analogue section

] Current-to- Pulse width- Outout C2
o—— voltage > to-voltage > cascla)lde ————o°
converter converter ;
Y X y
Code Code-to- | Digital :
indicator pulse width |~ section : U
converter : T a
L —1 % _—
Memory | e | Supply
register : unit
ﬁN

Figure 6.9. Functional scheme of the active resistance imitator
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The digital section of the active resistance imitator consists of a memory
register, an indicator of the memory register code, and a code-to-pulse converter.
The memory register and the code-pulse width converter are based on serial
digital I1Cs. The indicator of the memory register code is based on LEDs. The
code-pulse width converter is based on two pulse counters, one of which forms
the period T, and the other forms the time interval 7 proportional to the digital
input code N.

The principle scheme of the input current-to-voltage converter is shown in
Fig. 6.10. It is based on the differential amplifier DA1 with the standard resistor
Roi in the feedback loop. The resistors Ry are applied for selecting different
ranges of the resistance imitation. The resistors Ry, and R, are connected
through the switches Si4, and S,;, respectively. In order to eliminate the residual
resistances of the switches, the supplementary differential amplifier DA2 is
applied. The amplifier’s input is connected through the switches Sy, or Sy, to the
respective standard resistor Ry;, depending on the chosen range.

The output voltages of the differential amplifiers DA1 (U;) and DA2 (U,) can
be expressed as follows:

U, =1 '(RLl + Ry + ril)' (6.16)
U, :|in'(RL1+ROi)’ (6.17)

where I;, is the input current, Ry, is the first lead wire resistance, Rg; is the
resistance of the standard resistor of the respective range, ri; is the on-state
resistance of the switch S;;.

Figure 6.10. Principle scheme of the input current-to-voltage converter
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The resistances of the switches S;; do not influence the accuracy of the
voltage formed using the current-to-voltage converter because they are
connected to the high-ohmic input of the differential amplifier DA2.

The output voltage of the differential amplifier DA2 is put on the input of the
pulse-to-voltage converter. The principle scheme of the pulse-to-voltage
converter, comprising the additional divider and the voltage follower, is shown
in Fig. 6.11.

Figure 6.11. Principle scheme of the pulse-to-voltage converter

The input signal of the code-pulse width converter is passed through switch
S;. This voltage signal is averaged within RC-filter and put into the input of the
differential amplifier DAL, which can operate either as voltage follower or an
amplifier. The operating mode is chosen using the switch S,. The gain kq is
determined by the resistors R; and R4. The amplification mode of the differential
amplifier DAL ensures the resistance imitation with the values higher than the
nominal resistance values over the selected range.

The output voltage of the pulse-to-voltage converter is equal:

U :Ulizkdlin(RLl+R0i)i’ (6.18)
TP TP

where 7 denotes the width of the output pulse of the code-to-pulse converter, and
Ty is the pulse repetition period.

In order to ensure high linearity of the output voltage of the pulse-to-voltage
converter, and hence to obtain better metrological parameters of the active
resistance imitator, the time constant of charging = and of discharging z; the
RC-filter should be equal.

The output voltage of the pulse-to-voltage converter is put on the input of the
output cascade, the scheme of which is shown in Fig. 6.12.
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Figure. 6.12. Principle scheme of the output cascade

The output cascade consists of the two-stage resistive voltage divider and the
differential amplifier DAS5. The two-stage resistive divider is employed in order
to reduce the influence of the instability of the low value thin film resistors.

The value of the imitated resistance is equal to:

T
Rin =Kq 1t (RLl +Ry; )T_ ) (6.19)
P

where 11 is the two-stage resistive divider’s voltage ratio.

For =N and T,=Nnax, Where N is the input code, equivalent with the imitator
resistance value, and Npax is the maximum value of the input code, the following
expression can be obtained:

N
Rim = Ka 1 (RLl + Ry )N_ . (6.20)

max

It can be seen from the expression (6.20) that for reducing the influence of
the wire resistance R;, the following high resistance Ry (Ri1<< Rg;i) should be
chosen. The influence of the wire resistances R, Rz and Ry, is fully
compensated.

The proposed circuit of the active imitator allows the user to select certain
ranges using standard resistor and the resistive divider’s voltage ratio, depending
on the required accuracy of the imitation of the resistance, and the output current
value. The expansion of the range of the imitation of the resistance is obtained
by the gain of the output cascade of the differential amplifier of the
pulse-to-voltage converter.
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6.4. Multi-value resistance, voltage and current standards for
temperature sensors

At present, many designs of combined calibrators of voltage, current and
resistance are available (e.g. [56, 279, 288]); some calibrators are also equipped
with the built-in function of RTDs simulation[210, 295].

It is expedient to design the combined multi-value standard of voltage,
current and resistance on the base of the active resistance imitator [19]. In this
case, the main components of the active resistance imitator are fully exploited
when the multi-value standard operates in the mode of the voltage or current
calibrator. The supplementary units in the voltage or current calibrator operating
mode are the reference voltage or current source, and the commutating elements
for selecting the respective operating mode.

The combined microelectronic multi-value standard of voltage, current and
resistance used for imitating the signals of the resistance temperature sensors,
thermocouples, and measuring transducers is shown in Fig. 6.13. The structural
scheme of the standard consists of a reference voltage source,
a current-to-voltage converter, an operating mode selector, a code-controlled
voltage divider, an auxiliary voltage divider, an output voltage follower,
a control device, a code converter, an indicator of the zero voltage level, and
a power supply unit.

Reference U,
voltage
source

“R,”|Current-to-| B{Operating| |Code-controlled Auxiliary Output — “R,”
o—»| voltage | || mode [¥ voltage >  voltage [ voltage —» “U”
converter selector divider divider follower —» “I”
7'y A X 7y 7'y
Code
converter
7'y
—|| ’|7
Control
device 4 t +
Indicator Power
of the zero supply
level unit
7
U_ U~

Figure 6.13. Structural scheme of the calibrator-imitator of the voltage, current and resistance
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In the resistance imitator mode, the input terminal “R;” is connected to the
current-to-voltage converter, which in turn is connected through the operating
mode selector switch to the input of the code-controlled voltage divider. The
principle scheme of the current-to-voltage converter (Fig. 6.14) is based on the
differential amplifier DAl with bipolar emitter follower built with two
transistors Q1 and Q2. The resistors Rs, Rg and R are applied for protecting the
differential amplifier and the transistors Q1 and Q2 against current overloads. In
order to protect the inverting input of the differential amplifier against voltage
overloads, the limiter based on the resistor R, and the diodes D1 and D2, is
employed. The resistors Ry, R; and R, are applied for setting the zero voltage
level at the output of the current-to-voltage converter.

The output voltage of the current-to-voltage converter U, is determined by
the following expression:

U, = Iin(ROi + Ru) ; (6.21)

where I;, is the input current between the input “R;” and the output “R,”; Ro; is
the resistance of the standard resistor of the i-th range.

The maximally tolerated input current I, is determined by the resistance
value of the standard resistor Ry and the output voltage range Un. Of the
differential amplifier placed inside the current-to-voltage converter.

«R»

Figure 6.14. Principle scheme of the current-to-voltage converter
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The code-controlled voltage divider is based on the R-2R binary resistive
ladder. The resistors R and 2R are fabricated using the film hybrid technology,
and are characterised by high metrological parameters. The resistor’s nominal
value R is made by placing a pair of 2R in parallel. Therefore, the process of the
resistor adjusting is simplified because only the resistors of the same nominal
value are employed. The required value of the imitating resistance is set in the
decimal code by 10-position switches, which are included in the control device,
using decimal code numbers. That decimal-code number is converted by the
decimal-to-binary code converter into a binary code. The binary output code is
used to control the switching of the appropriate resistors of the R-2R binary
ladder between the output of the current-to-voltage converter and the ground
bus. In this case, the output voltage of the code-controlled voltage divider is
equal to:

N
U, =1,Ry >.8,-279, (6.22)
q=1

where a, is the coefficient equal 0 or 1 depending on the connection of the

appropriate resistors either to the common ground bus or to the output of the
current-to-voltage converter, respectively; q is the binary place of the bit in the
binary output code, N is the number of the binary digits.

The increase of the number of measuring ranges of the resistance imitation is
achieved by the use of the auxiliary decade voltage divider with the division
ratios in decade progression. The division ratio of the auxiliary decade voltage
divider is obtained by connecting additional resistors in series configuration to
the output of the code-controlled voltage divider. The resistances of these
resistors are determined by the following expression:

R

] _°”_‘1 : (6.23)

aj

R

where R_ . is the output resistance of the resistive ladder of the code-controlled

out

voltage divider, and kaj is the value of the auxiliary divider’s division ratio of

the respective measuring ranges.
The division ratio of the auxiliary voltage divider is equal to:
1 Raj

== 6.24
/uaj Kaj Rout + Raj ( )

aj

The output voltage follower is applied for providing the output voltage of the
auxiliary voltage divider U, to the terminal “R,”. For example, an output voltage
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follower circuit can be based on the differential amplifier DALl with bipolar
emitter follower built with transistors Q1 and Q2 (Fig. 6.15).

D1

U DAl

«R,»

Figure 6.15. Principle scheme of the output voltage follower

In order to reduce the influence of lead wires, the input terminal “R,” of the
resistance imitator is connected with the terminals “1” and “2” of the output
voltage follower by a pair of wires. The resistance R 4 is connected in series with
the high-ohmic input of the differential amplifier DA1; hence, its influence can
be neglected. The resistance R.3 is inserted in the feedback loop, and its
contribution decreases g times (g is the gain of the differential amplifier DAL).

The output voltage of the output voltage follower can be determined by the
following expression:

N
Uz =1, ROi/uaiZaq 27 (6.25)

g=1

The value of the imitated resistance is equal to:
N
Rin = Roiﬂaizaq 270, (6.26)
q=1
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If the combined standard operates in the mode of the voltage calibrator, the
output voltage of the reference voltage source through the operating mode
selector switch is put on the input of the code-controlled voltage divider. The
output voltage of the output voltage follower is equal to:

N
U=Upgy D 3,279, (6.27)
g=1

where Uy, is the value of the output voltage of the reference voltage source.

The reference voltage signal is taken between the terminals “1” and “2”, and
the common bus (point “3”’). Depending on the load resistance and lead wire
resistance, the one-wire or two-wire connections can be used. If one-wire line is
employed, the points “1” and “2” are short-circuited.

In the operating mode of the current calibrator, the resistor Ry is connected
through the switch S; to the inverting input of the differential amplifier DA1.
The output voltage follower operates in the mode of the voltage-to-current
converter, and the load resistance is connected to the points “2” and “3”. In this
case, the output current of the output voltage follower is determined by the
following expression:

U N
l==F g > 8,279, (6.28)
ROc gq=1

where Ry, is the resistance of the standard resistor of the output voltage follower
operating in the mode of the voltage-to-current converter.

@ o +U
D1
<
- D2
R,
Ushc } DAl RS
R, ) — 4
- A 7
R, \N/7 /\7
R, D3
—o -U

Figure 6.16. Principle scheme of the indicator of the zero voltage level
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The indicator of the zero voltage level (Fig. 6.16) is used for correction of the
voltage level shift from the zero voltage level, for either the current-to-voltage
converter or output voltage follower. The main component of the indicator is the
differential amplifier DAL, the output of which is connected through the resistor
Rs with the indicator’s LEDs: D3 and D4. The voltage level shift from the zero
voltage level is corrected as follows: at first, the voltage shift from the zero
voltage level of the differential amplifier of the indicator is corrected; then the
same is done with the differential amplifier of the current-to-voltage converter;
and (finally) with the differential amplifier of the output voltage follower.

Summary

For metrological support of the secondary measuring devices which are used
in conjunction with thermoresistive or thermoelectric sensors, the
code-controlled multi-value standards of resistance, voltage and current are
required. In order to improve the metrological reliability of measuring channels,
it is reasonable to conduct the checking of the secondary measuring devices
including its connection wires. In this case, the two-pair wire resistance
imitators, invariant to the lead wire resistance and to the resistance of switching
elements, that allow the transfer of resistance value with high accuracy over
required distance can be applied. In these imitators three of the four lead wires
are inserted in the negative feedback loops of respective differential amplifiers,
therefore, their influence can be neglected. For the compensation of the lead
wire connected in series with the standard resistor, the compensating circuit is
used. The voltage compensation circuit based on differential amplifiers selects
the voltage drop in the lead wire, and subtracts it from the output voltage of the
input amplifier.

Commonly, the selection of the resistance imitation range is accomplished by
commutation of the appropriate standard resistor. For further reduction of the
influence of the lead wire resistances, the selection of the resistance imitation
range can be performed by combined selection of the standard resistor value and
of the division ratio of the auxiliary voltage divider. Consequently, the number
of the high precision standard resistors and commutation elements is reduced.

Since the noise influences the resistance imitation accuracy, the technique for
equalising the noise voltages in lead wires by means of a compensation circuit
and additional capacitors can be employed. The compensation is based on the
formation of a compensating current proportional to the noise-induced voltage
drop in lead wire. The application of this technique reduces the influence of the
normal mode noise by 30-50 dB.
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Summary and conclusions

Thermocouples and resistance temperature sensors are the most widely used
sensors for industrial applications. Therefore, the improvement of the accuracy of
temperature measurement with these sensors is an important issue at present.

The circuit design methods proposed by the author allow remarkably
improving the accuracy of temperature measurement with RTDs by the reduction
of the error of nonlinearity and the lead wires influence. In that case, the error of
nonlinearity does not exceed 0.1% over the temperature measurement range from
0°C to 500°C, and less than 0.05% over the temperature measurement range from
0°C to 350°C. The proposed circuit for temperature measuring based on current
stabiliser, in the case of equalising of the resistance values of the lead wires allows
complete compensation of lead wires influence.

In temperature measurements with thermocouples, the accuracy improvement
was achieved by the compensation of influence of the cold-junction temperature,
and by the linearization of the temperature-to-voltage conversion. In order to
increase the effectiveness of the compensating bridge circuits over a wide range of
cold-junction temperature change, the bridge circuits with temperature-dependent
supply sources and additional temperature-dependent voltage divider have been
evolved. The most effective is the compensating circuit containing temperature-
dependent resistors and operational amplifier. That circuit provides the error less
than 0.04°C for different types of thermocouples. Piecewise-linear approximation
of the transfer function of the thermocouple allows achieving the error of
nonlinearity less than 0.2°C over the temperature range from 0°C to 800°C.

For the metrological instrumentation of the secondary measuring devices
which operate with thermoresistive and thermoelectrical sensors, the designs of
the imitators of resistance, voltage and current are proposed. These structures are
invariant to the influence of the lead wires resistances and commutating elements;
as aconsequence, that allow reproduction of the standard values over required
distances with improved accuracy.

In the cases when the application of the thermocouples or resistance
temperature sensors is impossible, the fibre optic temperature sensor or the liquid
crystal-based temperature sensors can be employed. The designs of liquid crystal-
based temperature sensors analysed in this book are original, simple in use and can
be employed in the cases when the highest accuracy is not necessarily required,
e.g. in biology and medicine.

The directions for further research will be related to the elaboration of new
methods for the improvement of accuracy of the known sensors, and the design of
the new constructions of temperature sensors.
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